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Abstract 
Oxidative stress is involved in the pathogenesis of colon cancer. We wanted to elucidate at 
which stage of the disease this phenomenon occurs. In the examined groups of patients with 
colorectal carcinoma (CRC, n=89), benign adenoma (AD, n=77), and healthy volunteers 
(controls, n=99) we measured: vitamins A, C and E in blood plasma, 8-oxodG and 8-oxoGua 
in leukocytes and urine, leukocyte 8-oxoGua excision activity, mRNA levels of APE1, 
OGG1, MTH1 and OGG1 polymorphism. The vitamin levels decreased gradually in AD and 
CRC patients. 8-OxodG increased in leukocytes and urine of CRC and AD patients. 8-
OxoGua was higher only in the urine of CRC patients. 8-OxoGua excision was higher in CRC 
patients than in controls, in spite of higher frequency of the OGG1 Cys326Cys genotype, 
encoding a glycosylase with decreased activity. mRNA levels of OGG1 and APE1 increased 
in CRC and AD patients, which could explain increased 8-oxoGua excision rate in CRC 
patients. MTH1 mRNA was also higher in CRC patients. The results suggest that oxidative 
stress occurs in CRC and AD individuals. This is accompanied by increased transcription of 
DNA repair genes, and increased 8-oxoGua excision rate in CRC patients, which is, however, 
insufficient to counteract the increased DNA damage. 
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Introduction 
Colorectal cancer (CRC) is one of the most frequent causes of death in western countries. The 
most important etiological factors of sporadic colorectal tumors are inflammation, fat 
metabolism, tobacco smoking as well as consumption of meat and alcohol (1). Inflammation 
is associated with the release of large amounts of reactive oxygen species (ROS) (2), leading 
to oxidation of nucleic acids, proteins and lipids. Many epidemiological studies report an 
inverse association between vegetable and fruit consumption and occurrence of colon cancer 
(3). One of the possible mechanisms of the protective effect of such food constituents as 
vitamins A, C and E is by exerting antioxidative activities, by scavenging free radicals and 
preventing DNA damage. Oxidatively damaged DNA has been blamed for the physiological 
changes associated with degenerative diseases such as cancer (4,5). A plethora of damaged 
DNA bases are formed upon ROS attack on genetic material, several of them reveal strong 
promutagenic properties (6). One of the major and best studied is 8-oxo-7,8-dihydroguanine 
(8-oxoGua), a typical biomarker of oxidative stress, which may play a role in carcinogenesis 
(7). The presence of 8-oxo-7,8-dihydroguanosine (8-oxodG) residues in DNA leads to 
GC→TA transversions (8). 8-OxodG is formed in DNA either via direct oxidation of nucleic 
acids or can be incorporated from the nucleotide pool by DNA polymerases, the latter process 
being an important source of DNA oxidation and genome instability (9,10). Incorporation of 
8-oxodGTP into DNA by DNA polymerases is limited by the activity of MTH1 
phosphohydrolase, which hydrolyzes 8-oxodGTP to 8-oxodGMP (11). 8-OxodGMP is 
subsequently dephoshorylated by nucleotidase and removed from the cell (12). Many 
observations indicate a direct correlation between 8-oxodG formation and carcinogenesis in 
vivo (7,13-16).  
To counteract the deleterious effect of oxidatively damaged DNA, all organisms have 
developed several DNA repair pathways. Excision of 8-oxoGua from DNA is accomplished 
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mainly by base excision repair. Several DNA glycosylases, which specifically recognize and 
remove 8-oxoGua in human cells have been described, the major one apparently being OGG1 
DNA glycosylase (17). Human OGG1 glycosylase recognizes and excises several lesions 
from oligodeoxynucleotides with single DNA damages, including 8-oxoGua, FapyGua, Me-
FapyGua, 8-oxoAde (18,19). The murine enzyme was also shown to excise 8-oxo-inosine, 
O6-methyl-8-oxoGua and 8-amino-Gua (20). However, when γ-irradiated DNA was used as a 
substrate, pure human OGG1 liberated only 8-oxoGua and FapyGua, as measured by 
GC/IDMS (18). FapyGua, but not 8-oxoGua, are also eliminated from DNA by NEIL1 DNA 
glycosylase (21). Both these DNA lesions show strong mutagenic activity in mammalian cells 
(22). Numerous experimental data suggest a decrease in DNA repair efficiency in cancer 
patients (23-27). One possibility is that such a decrease may be caused by the presence of 
polymorphic forms of DNA repair genes, which encode proteins with reduced enzymatic 
activities (26). Several polymorphic changes in the OGG1 gene have been described, with the 
most common being Ser326Cys (28). Polymorphic Cys326 OGG1 protein was found to have 
a lower enzymatic activity, both when 8-oxoGua was excised from oligodeoxynucleotides 
(29), and when 8-oxoGua and FapyGua were liberated from γ-irradiated DNA by pure 
Cys326 or Ser326 OGG1 enzyme (18,28). It was suggested that the presence of two OGG1 
326Cys alleles may confer an increased risk of lung, prostate and nasopharyngeal cancer (30-
32), but no association with the risk for colon cancer (33,34). Our and other functional studies 
report a decrease in 8-oxoGua excision rate in lung (23,24) and head and neck cancer patients 
(25). Such a decrease in repair rate and simultaneous increase in 8-oxodG and FapydG levels 
in cellular DNA favors a pro-oxidant state and may accelerate the acquisition of mutations in 
critical genes leading to cancer. Such an idea is basically derived from the observation that a 
pro-oxidant environment is characteristic for advanced stages of cancer. However, it is not 
clear whether increased oxidative stress/oxidatively damaged DNA is merely the result of the 
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disease or whether it plays a role in cancer development. This prompted us to investigate the 
broad range of biomarkers: oxidatively damaged DNA, the status of antioxidant vitamins, and 
the repair of 8-oxoGua in colon cancer patients, in individuals developing benign 
adenomatous polyps and in healthy controls. We observed an increase in oxidatively damaged 
DNA and decreased antioxidant defense in leukocytes of colon cancer patients but also in 
adenoma individuals, of which some may be at very early stages of CRC development. 
Increased oxidative stress stimulates the 8-oxoGua excision rate, although this stimulation is 
insufficient to counteract oxidative damage to DNA.  
 
 
Materials and methods 
Materials 
T4 polynucleotide kinase and [γ-32P]ATP were from GE Healthcare.  Oligodeoxynucleotide 
(40 nt) containing a single 8-oxodG at position 20 in the sequence 5’-d(GCT ACC TAC CTA 
GCG ACC TXC GAC TGT CCC ACT GCT CGA A)-3’, where X indicates 8-oxodG was 
obtained from Eurogentec Herstal, (Herstal, Belgium). A complementary 
oligodeoxynucleotide containing dC opposite 8-oxodG was synthesized in the 
Oligonucleotide Synthesis and Sequencing Laboratory, IBB PAS (Warsaw, Poland). 
 
Study group 
This case-control study was conducted in three groups. The control group consisted of 99 
healthy individuals (44 male and 55 female) of median age 55 years (range 42 to 65 years). 
The polyp individuals group (AD, n=77, 28 serrated adenomas and 49 adenomas) comprised 
38 females and 39 males with a median age of 60 years (range 32 to 83). The colorectal 
cancer patient group (CRC, n=89) comprised 45 males and 44 females (median age 62 years, 
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range 27 to 90). All participants were Caucasians and there were no relatives among them. All 
individuals participating in the study were recruited through the hospital (Collegium 
Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland) and were examined by 
colonoscopy. The control group was recruited from individuals undergoing routine colon 
cancer screening, in whom colonoscopy revealed no cancer or polyps. All the subjects, when 
recruited to the study, filled in a questionnaire concerning demographic data, smoking, diet 
and medical history. Interviewees were asked to estimate the average frequency of 
consumption of various dietary items in the year preceding the interview. The majority of 
them reportedly consumed 3 servings of fruit and vegetables and about 250 g of meat and fat 
per day. To make the group even more homogenous, the subjects who reported the extreme 
consumption, as well as those who reported supplementation within the last month were 
excluded from the study. The questionnaire was administered by the team physician (Dr. 
Banaszkiewicz). The control group was chosen to maximally match the patient groups and 
adenoma individuals by age, sex, diet (consumption of fat, carbohydrates and vitamin intake), 
body weight, and smoking status. Among healthy volunteers, AD individuals and CRC 
patients, two groups were distinguished in relation to their smoking status, namely those who 
had never smoked and smokers who consumed 20 or more cigarettes per day. 
Blood and urine was drawn from CRC and AD patients at diagnosis, and from control 
individuals, when they were recruited to the study following colonoscopy verifying they were 
free of any morphological changes within the colon and rectum. Diagnoses of all polyps and 
adenocarcinomas were confirmed by histological examination. All the CRC patients had 
histologically proven adenocarcinomas at: A (n=4), B1 (n=25), B2 (n=13), C1 (n=3), C2 
(n=27) and D (n=17) stage according to Duke’s scale with Astler-Coller modification. In 57 
cases, cancer developed in the colon, and in 20 patients, in the rectum. In the majority of 
cases only one tumor was identified. The information concerning tumor histology and patient 
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questionnaire responses were blinded to all investigators (with the exception of the team 
physician) until after the statistical analysis was completed.  
The patients were not treated with any anticancer drugs or vitamins during the time 
from the diagnoses until surgery (up to 4 weeks). 
The study was conducted in accordance with the Helsinki Declaration and was 
approved by the medical ethics committee of Collegium Medicum, Nicolaus Copernicus 
University, Bydgoszcz, Poland. All participants signed informed consent.  
 
Determination of plasma vitamins A, E, C and uric acid concentration by HPLC 
Quantification of vitamin E (α-tocopherol), vitamin A (retinol), vitamin C (ascorbic acid) and 
uric acid by HPLC technique was as previously described (35). Briefly, for vitamin A and E 
measurement, freshly prepared or freshly thawed plasma samples were mixed with 200 µl of 
HPLC-grade water and 400 µl of ethanol in order to precipitate proteins. For vitamin 
extraction, 800 µl of hexane was added, and mixed for 30 min. Then, 600 µl of the upper 
layer (hexane) was collected, dried in the Speed-Vac system and dissolved in 150 µl of 
mobile phase containing acetonitrile:methanol (85:15%, v/v) for stabilization of vitamins. 20 
µl of this solution was injected into the HPLC system. Standard and control serum samples, 
with known α-tocopherol and retinol concentrations, were purchased from Chromsystems and 
prepared like the plasma samples.  
The HPLC system consisting of a GP 40 gradient pump, GINA 50 autosampler (both 
from Dionex) and Jasco FP-920 fluorimetric detector was used for α-tocopherol and retinol 
quantification. Samples were separated in an isocratic system C18 reversed phase column 
Atlantis DC 18 (3 mm x 150 mm x 5 µm) with guard column. The mobile phase, containing 
acetonitrile and methanol (85:15, v/v), was used at a flow rate of 1.5 ml/min. The effluent was 
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monitored with fluorimetric detection (ex=340 nm, em=472 nm for retinol and ex=290 nm, 
em=330 nm for α-tocopherol) and analyzed by Dionex Chromeleon software.  
For determination of plasma vitamin C and uric acid a standard stock solution (1 mM 
uric acid) was made by dissolving uric acid in deionized water. Working standards (in the 
range 10-500 µM in 5% metaphosphoric acid, MPA) were freshly prepared for each analysis. 
All solutions were carefully protected from light during preparation and analyzes. Standard 
and control serum samples, with known ascorbic acid concentrations, were purchased from 
Chromsystems and prepared like the plasma samples. Aliquots (200 µl) of freshly prepared or 
freshly thawed plasma samples were mixed with 200 µl of 20% MPA for protein precipitation 
and ascorbic acid stabilization. After centrifugation (10 min, 3000×g, 4°C), the supernatants 
were collected and filtered through Millipore microcentrifuge filters (NMWL 5000). Aliquots 
of 20 µl from these filtrates were injected into the HPLC system. The HPLC system consisted 
of HPLC 515 pump and 717 PLUS autosampler (both from Waters), and Photodiode Array 
Detector 2996 (Waters) was used for ascorbic acid quantification. Samples were separated in 
the isocratic system C18 reversed-phase column Spherisorb 5 µm ODS2 250 mm × 4.6 mm 
with C18 guard column, at a flow rate of 1 ml/min. The mobile phase containing 5 mM 
KH2PO4, 1 mM Na2EDTA, adjusted to pH 3.0 with phosphoric acid, was prepared from 
deionised water and filtered through a 0.22 µm membrane before use. The effluent was 
monitored with a UV detector at 245 nm (ascorbic acid detection), 280 nm (uric acid 
detection) and analyzed by Empower software.  
 
Isolation of leukocytes from venous blood 
Blood samples were withdrawn from patients and controls in the morning before breakfast in 
Clinical Units of Collegium Medicum Nicolaus Copernicus University in Bydgoszcz. Blood 
samples (18 ml) were carefully applied on top of Histopaque 1119 solution (Sigma-Aldrich 
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Inc.; St. Louis, MO, USA) and leukocytes were isolated by centrifugation according to the 
manufacturer’s procedure.  
 
DNA isolation and 8-oxodG determination in DNA isolates 
DNA from leukocytes was isolated using the method described earlier (35). Briefly; the pellet 
of cells was dispersed by vortexing in ice-cold buffer B (10 mM Tris, 5 mM Na2EDTA, 0.15 
mM deferoxamine mesylate, pH 8.0). A solution of SDS was added (to the final concentration 
of 0.5%), and vortexing was repeated; RNase in 10 mM Tris pH 8.0 was added, and the 
mixture was gently vortexed. After incubation for 30 min at 37°C, the protease was added; the 
mixture was gently vortexed and incubated at 37°C for 1 h. The mixture was cooled to 4°C 
and transferred to a centrifuge tube containing chloroform/3-methyl-1-butanol and vortexed 
vigorously. After centrifugation, the supernatant containing DNA was treated with 2 volumes 
of cold absolute ethanol in order to precipitate high molecular weight DNA. The precipitate 
was removed with a plastic spatula, washed with 70% ethanol, and after centrifugation 
dissolved in nuclease P1 buffer (40 mM sodium acetate, 0.1 mM ZnCl2, pH 5.1).  
Determination of 8-oxodG by means of the HPLC/EC technique was described previously 
(36). For genotyping, DNA was extracted from frozen leukocytes using Genomic Mini Kit 
(A&A Biotechnology; Gdansk, Poland).  
 
Urine analysis 
Overnight spot urine samples were collected. 0.5 nmol of [15N3, 13C] 8-oxoGua, 0.05 nmol of 
[15N5] 8-oxodG and 10 µl of acetic acid (Sigma, HPLC grade) were added to 2 ml of urine. 
Isotopic purity of the applied standards was 97.6 and 99.7%, respectively. After centrifugation 
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(2000×g, 10 min), the supernatant was filtered through a Millipore GV13 0.22 µm syringe 
filter, and 500 µl of this solution was injected onto the HPLC system. 
Urine HPLC purification of 8-oxoGua and 8-oxodG was performed according to 
Gackowski et al. (37).  
GC/MS analysis was performed according to the method described by Dizdaroglu 
(38), adapted for additional [15N5] 8-oxoGua analyses (m/z 445 and 460 ions were 
monitored). 
Cases and controls were interspersed throughout the batches to reduce the possibility 
of batch effects. The samples were run randomly in duplicate. Intrasample coefficient of 
variation (cv) for the measurements of 8-oxoGua in urine was 0.9% and intersample 
measurements differed by 6%. Intersample cv for 8-oxodG was 7% and intrasample 3%.  
 
Preparation of tissue extracts 
Blood leukocytes were homogenized with four volumes of 50 mM Tris-HCl, pH 7.5 buffer 
containing 1 mM EDTA, and proteases inhibitor cocktail (Sigma). Cells were disrupted by 
sonication (three 15 s pulses and 30 s intervals), centrifuged (7000xg, 4°C, 30 min), and the 
supernatant was collected. Protein concentration was determined by the Bradford method 
(39).  
 
8-OxoGua excision activity assay 
8-OxoGua excision activity was measured by the nicking assay (23,40) using 32P-labelled 40 
nt oligodeoxynucleotide duplex containing a single 8-oxodG, as described previously (10). 
The nicking assay allows simultaneous measurements of the glycosylase and AP 
endonuclease activities of the extract. The amount of product was quantified in Molecular 
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Dynamics Storm 820 PhosphorImager using Image Quant software (Molecular Dynamics, 
version 5.2). Cases and controls were interspersed throughout the batches to reduce the 
possibility of batch effects.  
 
OGG1 genotyping by the Multitemperature PCR-Single Strand Conformation Polymorphism 
(MSSCP) method 
OGG1 Ser326Cys polymorphism was investigated by the MSSCP method (41). A pair of 
intron based primers of the sequence: forward 5’ ACT GTC ACT AGT CTC ACC AG 3’, 
reverse 5’ TGA ATT CGG AAG GTG CTT GGG GAA T 3’ (42) was used to PCR amplify 
exon 7 of the OGG1 gene. Cycling conditions for OGG1 PCR-MSSCP were: 95°C for 3 min, 
35 cycles of 1 min at 95°C, 1 min at 55°C, 2 min at 72°C, followed by an extension step of 7 
min at 72°C. PCR products (4 µl) were denatured and separated by electrophoresis on native 
10% polyacrylamide gel in 0.5 x TBE buffer in DNA Pointer System Plus (BioVectis, 
Warsaw, Poland). Initial electrophoresis was performed at 100V for 10 min at 35°C, and 
subsequently at three temperatures of 35-15-5°C for 30 min each at 40W. DNA bands were 
visualized by silver staining (BioVectis). Abnormally migrating conformers were sequenced 
in the Oligonucleotide Synthesis and Sequencing Laboratory, IBB PAS.  
 
RNA extraction and cDNA synthesis 
Total RNA was isolated from frozen leukocytes using the TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). The quality of total RNA was checked by formaldehyde-agarose gel 
electrophoresis, and for further analyses, only RNA samples with clearly distinguished 18S 
and 28S ribosomal RNAs and no visible RNA degradation were used. Total RNA (1 µg) from 
each sample was used to generate cDNA using the Advantage RT-for-PCR cDNA synthesis 
kit (Clontech; Mountain View, CA, USA) with oligo(dT) primers. 
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Real-time PCR using SYBR-Green chemistry 
Real-time PCR assays were carried out on an Applied Biosystems 7500 apparatus. Each 
reaction was carried out in 25 µl mixture containing: 1x Taq polymerase buffer (without 
MgCl2), 3 mM MgCl2, 0.01% Tween 20, 0.8% glycerol, 5% DMSO, 0.5 ng/µl acetylated 
BSA, dATP, dCTP, dGTP and dTTP – 400 µM each, 1x concentrated reference dye ROX, 
1:40000 diluted SYBR Green, 0.625 U of Taq polymerase, forward and reverse primers, 400 
µM each, and cDNA template. Time-temperature program was as follows: 95ºC for 3 min as 
initial denaturation step followed by 45 cycles consisting of a denaturation step at 95ºC for 15 
s, primer annealing at 60ºC for 15 s and an extension step at 72ºC for 1 min. Fluorescence was 
read during the extension step of each cycle. Melting-point temperature analysis was 
performed in the range of 60 to 95ºC, with temperature increments of 0.33ºC. Background 
range and threshold for Ct evaluation in each experiment were adjusted manually.  
The following primers designed using the Primer Express program (Applied 
Biosystems; Foster City, CA, USA) were used: 5’-ATTCGAACGTCTGCCCTATCA-3’ and 
5’-TGCCTTCCTTGGATGTGGTAG-3’ for the 18S rRNA gene, 5’-
GCCTTTCGCAAGTTCCTGA-3’ and 5’-GCGTGAAGCCAGCATTCTTT-3’ for APE1, 5’-
CCCCACGTCTCATGTTG-3’ and 5’-CCATCCTTAGCGCTGTCTCC-3’ for the OGG1 
gene. Annealing temperatures for these primers were from 58 to 60ºC. The product from each 
pair was 131-132 bp long.  
Before use, the primers were tested for equal efficiency of the PCR reaction. To ensure 
that, the 2-∆∆Ct method validation was applied (43), each experiment involved measurement of 
Ct values for four or five amounts of the template, each in duplicate. The template amounts 
per sample were as follows: for 18S rRNA – 10, 20, 40, 80 and 160 ng, for APE1 – 40, 80, 
160, 320 and 640 ng, for OGG1 – 80, 160, 320 and 640 ng. The efficiency (which may have a 
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value between 0 and 1) of the QPCR reaction with each primer pair was calculated, and 
subsequently used to calculate the ratio of each studied gene to the reference gene. Only 
efficiencies of values ≥ 0.95 were accepted. 
For each cDNA sample four reactions were carried out using two template amounts of 
10 and 40 ng, each in duplicate. The quality of results was evaluated based on expected Ct 
differences between the two cDNA amounts as well as product melting curves. Few rare 
outlying results were omitted in the calculations. For each gene the amounts of cDNA were 
chosen individually (if possible, the same for all genes) to obtain Ct values in the range 
between 14 and 34 cycles.  
The results were calculated with normalization of Ct values to mean Ct value for the 
18S rRNA reference gene as described (44). 
 
Statistical analysis 
Data are presented as median and interquatrile range. The statistical differences of the results 
were analyzed by Mann-Whitney U test and Mann-Whitney U test with Bonferroni correction 
after the Kruskal-Wallis ANOVA. Associations between different variables were calculated 
using Spearman's correlation analysis. All statistical analyses were performed using 
STATISTICA 6.0 (StatSoft, Inc., Tulsa, OK). P values less than 0.05 were considered 
statistically significant.  
 
Results 
Oxidative status 
In order to investigate the difference in oxidative status between patients with CRC and 
adenoma in relation to healthy volunteers, we measured antioxidant vitamins in blood plasma 
and the level of oxidized nucleotides in urine of these three groups. CRC patients had 
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significantly lower levels of ascorbic acid (34.76 µM), α-tocopherol (23.92 µM) and retinol  
(1.13 µM) as well as uric acid (277.79 µM) in blood plasma than healthy controls (56.70 µM, 
35.71 µM, 1.99 µM, and 312.25 µM, P=0.000000, 0.00001, 0.00001 and 0.00011, 
respectively; Table I). In adenoma individuals the level of ascorbic acid (49.79 µM) as well as 
of uric acid (325.23 µM), which is one of the main ROS scavengers in the human body, was 
similar to that in control individuals (P=0.058 and 0.70, respectively, Table I). The levels of 
α-tocopherol and retinol in plasma of adenoma individuals (30.15 µM and 1.70 µM, 
respectively) were intermediate between those of CRC patients and healthy volunteers, and 
differences between all groups were statistically significant (P=0.000000, C vs. A and 0.0083, 
A vs. H, for α-tocopherol, and P=0.00001, C vs. A and 0.00015, A vs. H for retinol; Table I). 
Antioxidant vitamin deficit in individuals, who may be at early or are at later stages of 
neoplastic transformation (AD and CRC) was accompanied by an increased level of 
oxidatively damaged DNA. 8-OxodG level in DNA of blood leukocytes was elevated both in 
CRC patients (6.31 8-oxodG/106dG) and AD individuals (5.89 8-oxodG/106dG) in relation to 
healthy volunteers (4.41 8-oxodG/106dG, P=0.000000, C vs. H and 0.000004, A vs. H, Table 
II). Urinary excretion of 8-oxoGua was higher for CRC patients than for healthy controls and 
adenoma individuals (10.07 nmols/mmol creatinine for CRC, vs. 7.68 nmols/mmol creatinine 
for healthy individuals, P=0.000075 and vs. 7.55 nmols/mmol creatinine for adenoma, 
P=0.0079, Table II). In urine of AD individuals the 8-oxoGua level (7.55 nmols/mmol 
creatinine) was similar to that of healthy volunteers (7.68 nmols/mmol creatinine, P=0.51). 
The level of 8-oxodG was higher in urine of both CRC patients (1.74 nmols/mmol creatinine) 
and AD individuals (1.70 nmols/mmol creatinine) in comparison to control individuals (1.38 
nmols/mmol creatinine, P=0.00026 and 0.000008, respectively, Table II). There was no 
correlation between age and antioxidant vitamin levels in colon cancer patients.  
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8-OxoGua repair capacity and OGG1 gene polymorphism 
CRC patients revealed significantly higher 8-oxoGua excision activity in leukocytes (40.10 
pmols/h/mg protein) than healthy controls (22.50 pmols/h/mg protein, P=0.000000; Table 
III). Due to insufficient quantity of clinical material we were unable to measure 8-oxoGua 
repair in leukocytes of AD subjects.  
Differences in 8-oxoGua repair capacity between CRC patients and controls might be 
caused by different frequencies of OGG1 protein Ser326Cys polymorphism in both groups. 
We identified OGG1 genotypes of CRC patients and AD individuals, as well as of controls. 
We found that the population of healthy individuals does not confirm Hardy-Weinberg 
equilibrium very well. In the healthy control group the frequency of the Ser326Cys genotype 
is higher and the frequency of Ser326Ser genotype is lower than expected (34% vs. 18% and 
65% vs. 81%, respectively; Table IV). In all the studied groups from 35% to 48.7% of 
individuals carried at least one 326Cys allele. However, among CRC patients there was a 
significantly higher number of Cys326Cys homozygotes (23%) than in the remaining two 
groups (1.3% and 1% in AD and controls, respectively, Table IV). This is inconsistent with 
the expected repair activity distribution among cancer patients and controls in relation to 
known properties of pure variant proteins (18,29). Although 8-oxoGua excision rate was 
lower in leukocytes of CRC patients bearing the Cys326Cys genotype (24.5 pmols/h/mg 
protein) than in those bearing the Ser326Ser genotype (42 pmols/h/mg protein, respectively, 
Table V), CRC patients with homozygous OGG1 Cys variant had similar 8-oxoGua repair 
capacity to that of healthy Ser326Ser control individuals. This may suggest that although 
OGG1 polymorphism may have an impact on the rate of 8-oxoGua excision in human tissues, 
the effective excision activity is also influenced by other factors. 
In CRC patients increased levels of 8-oxoGua were observed in urine of both OGG1 
326 heterozygotes (P=0.011) and OGG1 Ser326Ser homozygotes (P=0.049). However, when 
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comparing 8-oxoGua urinary excretion within the groups of CRC patients and controls, no 
significant differences were found in relation to the OGG1 Ser326Cys polymorphism (Table 
V).  
The level of 8-oxodG in leukocytes was higher in homozygous Ser/Ser colon cancer 
patients than in healthy Ser/Ser individuals (P=0.000001). However, heterozygous CRC 
patients and heterozygous healthy volunteers had comparable amounts of 8-oxodG in their 
leukocytes (P=0.1; Table V). When comparing the 8-oxodG level in leukocytes within the 
groups of healthy individuals in relation to the OGG1 polymorphism, no differences were 
found between Ser326Ser homozygotes and Ser326Cys heterozygotes. Among CRC patients 
the 8-oxodG level in leukocytes was lower in Ser326Cys heterozygotes than in Cys326Cys 
and Ser326Ser homozygotes (P=0.003 and P=0.016, respectively; Table V). 
Interestingly, we did not find any correlation between 8-oxoGua repair capacity and 8-
oxodG level in blood leukocytes and urine, either in the group of healthy controls or in CRC 
patients, both for the whole groups and the OGG1 variants. 
 
mRNA level of OGG1, APE1 and MTH1 
In order to obtain an insight into the mechanism of increased 8-oxoGua repair in CRC 
patients, we investigated the mRNA level of OGG1 glycosylase and the next enzyme in the 
BER pathway – AP endonuclease, APE1, as well as 8-oxodGTP phosphohydrolase, MTH1. 
OGG1 and APE1 mRNA levels were about an order of magnitude higher in leukocytes of 
CRC patients (1.28 for OGG1 and 88.25 for APE1) and AD individuals (0.99 for OGG1 and 
113.83 for APE1) in comparison to healthy volunteers (0.19 for OGG1, P=0.000000 C vs. H 
and 0.000002 A vs. H, and 13.87 for APE1, P=0.000000 C vs. H and 0.000009 A vs. H, Table 
VI). There was no difference in OGG1 and APE1 mRNA levels between CRC patients and 
AD individuals (P=0.46 and 0.5, respectively, Table VI). Also, no statistically significant 
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differences in mRNA levels of OGG1 and APE1 were found among CRC patients and 
adenoma individuals in relation to the OGG1 genotype. However, in healthy controls OGG1 
expression in individuals bearing the Ser/Ser genotype was lower than in those with the 
Ser/Cys genotype (P=0.008, Table VI). For APE1 a strong, but statistically insignificant, 
tendency of decrease in the APE1 mRNA level was also observed in healthy volunteers 
bearing the Ser/Ser rather than the Ser/Cys genotype (P=0.057, Table VI). Similarly, the 
MTH1 mRNA level was significantly higher in leukocytes of CRC patients (86.82) than of 
healthy individuals (5.26, P=0.0.0012; Table VI). Interestingly, an increased MTH1 mRNA 
level was observed only in CRC patients bearing the OGG1 326Cys allele (Table VI). 
 We found a strong positive correlation between OGG1 and APE1 mRNA levels in 
both healthy controls (ρ=0.77, P=0.000000, n=39) and adenoma individuals and colon cancer 
patients (ρ=0.9, P=0.000000, n=38 and ρ=0.68, P=0.000000, n=45, respectively). In the 
group of healthy controls, but not in the group of colon cancer patients and adenoma 
individuals, there was a positive correlation between OGG1 and APE1 mRNA levels and the 
amount of 8-oxoGua in urine (ρ=0.41, P=0.04, n=24 and ρ=0.42, P=0.04, n=24, respectively). 
However, we did not observe any association between OGG1, APE1 and MTH1 mRNA 
levels and the amount of 8-oxodG in blood leukocyte DNA in all the studied groups. 
 
Effect of tobacco smoking, sex, age and cancer stage 
No effect of tobacco smoking, sex and age on 8-oxoGua excision rate as well as mRNA level 
of repair enzymes was observed in leukocytes of CRC patients and controls. Moreover, no 
differences in leukocyte 8-oxodG level and 8-oxoGua urinary excretion were observed in 
relation to tumor localization within the colon or rectum. In the majority of adenoma 
individuals only one polyp was found, and if more were present there was no correlation 
between measured parameters of oxidative stress and multiplicity of polyps. A weak positive 
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correlation was found between 8-oxoGua level in urine and the stage of disease (ρ=0.22, 
P=0.05, n=57).  
 
Discussion 
We measured the oxidative status and 8-oxoGua repair in leukocytes of healthy individuals, 
patients bearing benign adenomas (AD), and colon cancer (CRC) patients. CRC usually 
develops by neoplastic transformation of a colon epithelial cell, giving rise to a benign polyp, 
which subsequently may progress to invasive carcinoma. The group of AD patients might 
thus represent individuals at an early stage of colon cancer development, and give an insight 
to the contribution of oxidative processes in colon carcinogenesis in humans. However, it is 
necessary to bear in mind that probably not all of AD individuals will develop cancer in the 
future. We used the most extensively applied method of exploring the level of oxidatively 
damaged DNA in the whole organism, namely determination of 8-oxodG in DNA of 
surrogate tissues such as white blood cells or urinary excretion of 8-oxoGua and/or 8-oxodG. 
8-OxoGua may reflect the rate of base excision repair, and 8-oxodG sanitation of the cellular 
nucleotide pool by the MTH1 directed pathway (12) or less likely nucleotide excision repair 
(45). 
We observed increased oxidative stress in CRC patients, but also in AD individuals in 
comparison to healthy controls. This manifested as an elevation of the 8-oxodG level in 
leukocytes and in urine, as well as depletion of antioxidant vitamins in blood plasma. 
Moreover, increased mRNA levels of repair enzymes, OGG1, APE1 and MTH1 were found 
in leukocytes of CRC and AD individuals, and an increased 8-oxoGua excision rate in 
leukocytes of CRC patients with an increased frequency of the OGG1 Cys326Cys genotype.  
An increase in oxidative stress during colon carcinogenesis was demonstrated by several 
groups. Goodman et al. (46) showed an inverse association between oxidative balance score 
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(which characterizes pro-oxidant and anti-oxidant exposures) and colorectal adenoma. Leung 
et al. (47) further demonstrated that oxidative stress increases during CRC progression from 
operable CRC to non-operable liver metastasis, as observed by depletion of antioxidant 
vitamins and increase in lipid peroxidation. Several observations also suggest increase in 
oxidative processes in cancer tissues (48). The suggested mechanisms responsible for the 
oxidative stress in cancer patients include (4): i/ granulocyte activation with release of ROS; 
ii/ stimulation of cytokines, of which some, e.g. tumor necrosis factor, produce large amounts 
of ROS; iii/ production of hydrogen peroxide by malignant cells, which in advanced stages of 
cancer may be released into the blood stream and penetrate into other tissues (2).  
The conditions outlined above may not be relevant for patients with benign colon 
tumors. However, our results demonstrate that the 8-oxodG level in leukocyte DNA and in 
urine is significantly higher in individuals with polyps in comparison with the control group 
(Table II). In contrast, urinary excretion of 8-oxoGua, which may reflect excision by DNA 
glycosylases, was not elevated in AD individuals (Table II). The nucleotide pool is much 
more susceptible to oxidation than dsDNA; hence, 8-oxodG in urine may be a more sensitive 
indicator of oxidative processes in the body, and shows that even in AD individuals the 
oxidative processes are enhanced. This is confirmed by the observed decrease of antioxidant 
vitamins, α-tocopherol and retinol in blood plasma of AD individuals. Further decrease of 
these antioxidants, as well as ascorbic acid was observed in CRC patients (Table 1). This may 
suggest that antioxidant defense gradually decreases in the course of disease development. 
Other studies show a similar depletion of antioxidant vitamins in cancer patients in 
comparison to controls (49). The mechanism of such depletion may involve either insufficient 
vitamin intake, or malabsorption in the intestine or accelerated usage during disease 
progression. Vitamins E and A may also participate in regulation of cell proliferation, e.g., α-
tocopherol inhibits protein kinase C activity and in effect cell proliferation. Supplementation 
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of animals with vitamin E prevents chemically induced colon cancer (50). Vitamin A 
deficiency is responsible for decreased mucosa production and expansion of proliferation 
zones (51). Absorption of vitamins C and E occurs via intestinal transporters (52,53). 
Moreover, cytochrom P450-catalyzed catabolism of tocopherols may be a decisive factor 
responsible for the bioavailability of vitamin E (54).  
Since in our study the subjects had similar dietary habits, the differences in antioxidant 
vitamin levels might be at least partially genetically determined.  
The second line of defense against oxidative stress is DNA repair. 8-OxoGua excision 
activity was significantly higher in leukocytes of CRC patients in comparison to healthy 
volunteers (Table III). The increase in 8-oxoGua repair capacity might be due to increased 
transcription from OGG1 and APE1 genes, which was observed in AD and CRC individuals   
(Table VI). Thus, induction of DNA repair genes seems to occur at an early stage of the 
carcinogenic pathway, and may be caused by increased oxidative stress. Expression of APE1 
and OGG1 is induced by ROS (26), and we found that oxidative stress is enhanced both in the 
CRC and AD group. Our results corroborate the findings of Winnepenninckx and coworkers 
(55) that induction of most DNA repair genes occurs very early in the carcinogenic process, 
e.g., four years before clinical manifestation of malignant skin melanoma. This may be a part 
of a carcinogenic program, which might decrease apoptosis in aberrant cells and/or favor 
genomic instability. In yeast and human cells, overexpression of some repair enzymes, 
namely methylpurine DNA glycosylase and/or APE1, was associated with frameshift 
mutations and microsatellite instability (56). 
Increase in 8-oxoGua excision in blood leukocytes of CRC patients was in contrast to 
studies of other cancer types, which showed that 8-oxoGua repair capacity was decreased in 
lung (23,24) and in head and neck (25) cancer patients. Such a decrease was frequently linked 
to the OGG1 Ser326Cys polymorphism. Pure 326Cys OGG1 variant excises 8-oxoGua and 
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FapyGua from DNA at lower rates than the wild-type enzyme (28,29). However, 
controversial results showing no association between OGG1 Ser326Cys polymorphism and 8-
oxoGua excision rate have also been reported (26). Recent work of Bravard and coworkers 
(57) shows that the OGG1 Cys variant is more sensitive to oxidative inactivation than the Ser 
variant, so different degrees of oxidative stress in different studies might partially explain the 
controversies in the literature.  
This study shows a higher frequency of Cys326Cys homozygotes among CRC patients 
than among AD individuals or the control group (Table IV). Our results in contrast to the 
observations of Hansen and coworkers (33), who found a higher frequency of Cys allele 
among the controls than CRC patients. Allelic distribution may depend on genetic 
background of the local population, specifically if the population is isolated, like it was in 
Poland after the Second World War till the nineteen nineties. Another study performed on the 
Polish population did not find an association between the OGG1 polymorphism and CRC 
risk, but a higher, although statistically insignificant, frequency of the Ser326Cys genotype 
was found in CRC patients in comparison to controls (P=0.07) (34). Similarly to our results, 
Moreno and coworkers (58) showed an association between OGG1 Cys/Cys genotype and 
CRC risk in the Spanish population. These inconsistent results regarding the association of the 
OGG1 genotype and CRC suggest the influence of other factors.  
In our study the effect of the OGG1 Ser326Cys polymorphism on 8-oxoGua excision 
rate was clearly seen in the CRC patient group, in which Cys homozygotes were found to 
have a decreased 8-oxoGua excision rate in comparison with Ser homozygotes. Interestingly, 
the OGG1 genotype exerted a limited effect on 8-oxodG level in leukocytes and urinary 
excretion of 8-oxoGua (Table V). The only difference found was the decreased level of 8-
oxodG in leukocytes of CRC patients with the OGG1 Ser326Cys heterozygous genotype in 
comparison to both Cys/Cys and Ser/Ser homozygotes. This is difficult to explain, since 
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leukocytes of CRC patients with at least one Cys allele exhibited an increased mRNA level of 
MTH1 phosphohydrolase (Table VI). MTH1 activity prevents incorporation of 8-oxodGTP to 
DNA and decreases the level of 8-oxodG in DNA. Thus, several pathways are engaged in 
elimination of 8-oxoGua from DNA, for example nucleotide pool sanitation and base excision 
repair (10).  
In the group of healthy subjects there was significant positive correlation between 
mRNA levels of the main enzymes involved in 8-oxoGua removal (OGG1 and APE1), and 
the amount of 8-oxoGua in urine. Therefore, our finding is the first experimental evidence 
which suggests that urinary 8-oxoGua measurements may be attributed to DNA repair. 
However, there was no such correlation in the groups of adenoma individuals and carcinoma 
patients. The main reason for this inconsistency may be aberrant DNA oxidation in cancerous 
and precancerous conditions which may overshadow the subtle relationship observed in 
healthy subjects. 
This study shows that oxidative stress and antioxidant vitamin deficiency are increased 
in individuals developing colon adenomas and carcinomas, and may suggest that they 
contribute to the development of colon cancer. At the early stage of colon carcinogenesis, a 
defense pathway for elimination from DNA of 8-oxoGua and FapyGua is induced. This 
induction may, nevertheless, be insufficient to counteract the increased DNA damage.  
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sodium dodecyl sulfate  
 
References 
1. Levi, F., Pasche, C., La Vecchia, C., Lucchini, F. and Franceschi, S. (1999) Food 
groups and colorectal cancer risk. Br. J. Cancer, 79, 1283-1287. 
2. Dizdaroglu, M., Olinski, R., Doroshow, J. H. and Akman, S. A. (1993) Modification 
of DNA bases in chromatin of intact target human cells by activated human 
polymorphonuclear leukocytes. Cancer Res., 53, 1269-1272. 
3. Block, G., Patterson, B. and Subar, A. (1992) Fruit, vegetables, and cancer prevention: 
a review of the epidemiological evidence. Nutr. Cancer, 18, 1-29. 
4. Olinski, R., Gackowski, D., Rozalski, R., Foksinski, M. and Bialkowski, K. (2003) 
Oxidative DNA damage in cancer patients: a cause or a consequence of the disease 
development? Mutat. Res., 531, 177-190. 
5. Olinski, R., Gackowski, D., Foksinski, M., Rozalski, R., Roszkowski, K. and Jaruga, 
P. (2002) Oxidative DNA damage: assessment of the role in carcinogenesis, 
atherosclerosis, and acquired immunodeficiency syndrome. Free Radic. Biol. Med., 
33, 192-200. 
6. Evans, M. D., Dizdaroglu, M. and Cooke, M. S. (2004) Oxidative DNA damage and 
disease: induction, repair and significance. Mutat Res, 567, 1-61. 
7. Jaruga, P., Zastawny, T. H., Skokowski, J., Dizdaroglu, M. and Olinski, R. (1994) 
Oxidative DNA base damage and antioxidant enzyme activities in human lung cancer. 
FEBS Lett., 341, 59-64. 
8. Cheng, K. C., Cahill, D. S., Kasai, H., Nishimura, S. and Loeb, L. A. (1992) 8-
Hydroxyguanine, an abundant form of oxidative DNA damage, causes G----T and A--
--C substitutions. J. Biol. Chem., 267, 166-172. 
9. Russo, M. T., Blasi, M. F., Chiera, F., Fortini, P., Degan, P., Macpherson, P., Furuichi, 
M., Nakabeppu, Y., Karran, P., Aquilina, G. and Bignami, M. (2004) The oxidized 
deoxynucleoside triphosphate pool is a significant contributor to genetic instability in 
mismatch repair-deficient cells. Mol. Cell Biol., 24, 465-474. 
10. Speina, E., Arczewska, K. D., Gackowski, D., Zielinska, M., Siomek, A., 
Kowalewski, J., Olinski, R., Tudek, B. and Kusmierek, J. T. (2005) Contribution of 
Page 24 of 60
http://mutage.oupjournals.org/
Manuscript submitted to Mutagenesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 24 
hMTH1 to the maintenance of 8-oxoguanine levels in lung DNA of non-small-cell 
lung cancer patients. J. Natl. Cancer Inst., 97, 384-395. 
11. Colussi, C., Parlanti, E., Degan, P., Aquilina, G., Barnes, D., Macpherson, P., Karran, 
P., Crescenzi, M., Dogliotti, E. and Bignami, M. (2002) The mammalian mismatch 
repair pathway removes DNA 8-oxodGMP incorporated from the oxidized dNTP 
pool. Curr. Biol., 12, 912-918. 
12. Hayakawa, H., Taketomi, A., Sakumi, K., Kuwano, M. and Sekiguchi, M. (1995) 
Generation and elimination of 8-oxo-7,8-dihydro-2'-deoxyguanosine 5'-triphosphate, a 
mutagenic substrate for DNA synthesis, in human cells. Biochemistry, 34, 89-95. 
13. Tsuzuki, T., Egashira, A., Igarashi, H., Iwakuma, T., Nakatsuru, Y., Tominaga, Y., 
Kawate, H., Nakao, K., Nakamura, K., Ide, F., Kura, S., Nakabeppu, Y., Katsuki, M., 
Ishikawa, T. and Sekiguchi, M. (2001) Spontaneous tumorigenesis in mice defective 
in the MTH1 gene encoding 8-oxo-dGTPase. Proc. Natl. Acad. Sci. U S A, 98, 11456-
11461. 
14. Sakumi, K., Tominaga, Y., Furuichi, M., Xu, P., Tsuzuki, T., Sekiguchi, M. and 
Nakabeppu, Y. (2003) Ogg1 knockout-associated lung tumorigenesis and its 
suppression by Mth1 gene disruption. Cancer Res., 63, 902-905. 
15. Sakamoto, K., Tominaga, Y., Yamauchi, K., Nakatsu, Y., Sakumi, K., Yoshiyama, K., 
Egashira, A., Kura, S., Yao, T., Tsuneyoshi, M., Maki, H., Nakabeppu, Y. and 
Tsuzuki, T. (2007) MUTYH-null mice are susceptible to spontaneous and oxidative 
stress induced intestinal tumorigenesis. Cancer Res., 67, 6599-6604. 
16. Xie, Y., Yang, H., Cunanan, C., Okamoto, K., Shibata, D., Pan, J., Barnes, D. E., 
Lindahl, T., McIlhatton, M., Fishel, R. and Miller, J. H. (2004) Deficiencies in mouse 
Myh and Ogg1 result in tumor predisposition and G to T mutations in codon 12 of the 
K-ras oncogene in lung tumors. Cancer Res., 64, 3096-3102. 
17. Radicella, J. P., Dherin, C., Desmaze, C., Fox, M. S. and Boiteux, S. (1997) Cloning 
and characterization of hOGG1, a human homolog of the OGG1 gene of 
Saccharomyces cerevisiae. Proc Natl Acad Sci U S A, 94, 8010-8015. 
18. Dherin, C., Radicella, J. P., Dizdaroglu, M. and Boiteux, S. (1999) Excision of 
oxidatively damaged DNA bases by the human alpha-hOgg1 protein and the 
polymorphic alpha-hOgg1(Ser326Cys) protein which is frequently found in human 
populations. Nucleic Acids Res, 27, 4001-4007. 
19. Audebert, M., Radicella, J. P. and Dizdaroglu, M. (2000) Effect of single mutations in 
the OGG1 gene found in human tumors on the substrate specificity of the Ogg1 
protein. Nucleic Acids Res, 28, 2672-2678. 
20. Zharkov, D. O., Rosenquist, T. A., Gerchman, S. E. and Grollman, A. P. (2000) 
Substrate specificity and reaction mechanism of murine 8-oxoguanine-DNA 
glycosylase. J Biol Chem, 275, 28607-28617. 
21. Jaruga, P., Birincioglu, M., Rosenquist, T. A. and Dizdaroglu, M. (2004) Mouse 
NEIL1 protein is specific for excision of 2,6-diamino-4-hydroxy-5-
formamidopyrimidine and 4,6-diamino-5-formamidopyrimidine from oxidatively 
damaged DNA. Biochemistry, 43, 15909-15914. 
22. Kalam, M. A., Haraguchi, K., Chandani, S., Loechler, E. L., Moriya, M., Greenberg, 
M. M. and Basu, A. K. (2006) Genetic effects of oxidative DNA damages: 
comparative mutagenesis of the imidazole ring-opened formamidopyrimidines (Fapy 
lesions) and 8-oxo-purines in simian kidney cells. Nucleic Acids Res, 34, 2305-2315. 
23. Gackowski, D., Speina, E., Zielinska, M., Kowalewski, J., Rozalski, R., Siomek, A., 
Paciorek, T., Tudek, B. and Olinski, R. (2003) Products of oxidative DNA damage 
and repair as possible biomarkers of susceptibility to lung cancer. Cancer Res., 63, 
4899-4902. 
Page 25 of 60
http://mutage.oupjournals.org/
Manuscript submitted to Mutagenesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 25 
24. Paz-Elizur, T., Krupsky, M., Blumenstein, S., Elinger, D., Schechtman, E. and Livneh, 
Z. (2003) DNA repair activity for oxidative damage and risk of lung cancer. J. Natl. 
Cancer Inst., 95, 1312-1319. 
25. Paz-Elizur, T., Ben-Yosef, R., Elinger, D., Vexler, A., Krupsky, M., Berrebi, A., 
Shani, A., Schechtman, E., Freedman, L. and Livneh, Z. (2006) Reduced repair of the 
oxidative 8-oxoguanine DNA damage and risk of head and neck cancer. Cancer Res., 
66, 11683-11689. 
26. Tudek, B. (2007) Base excision repair modulation as a risk factor for human cancers. 
Mol. Aspects Med., 28, 258-275. 
27. Dziaman, T., Huzarski, T., Gackowski, D., Rozalski, R., Siomek, A., Szpila, A., Guz, 
J., Lubinski, J. and Olinski, R. (2009) Elevated level of 8-oxo-7,8-dihydro-2'-
deoxyguanosine in leukocytes of BRCA1 mutation carriers compared to healthy 
controls. International journal of cancer, 125, 2209-2213. 
28. Sidorenko, V. S., Grollman, A. P., Jaruga, P., Dizdaroglu, M. and Zharkov, D. O. 
(2009) Substrate specificity and excision kinetics of natural polymorphic variants and 
phosphomimetic mutants of human 8-oxoguanine-DNA glycosylase. The FEBS 
journal, 276, 5149-5162. 
29. Hill, J. W. and Evans, M. K. (2006) Dimerization and opposite base-dependent 
catalytic impairment of polymorphic S326C OGG1 glycosylase. Nucleic Acids Res., 
34, 1620-1632. 
30. Goode, E. L., Ulrich, C. M. and Potter, J. D. (2002) Polymorphisms in DNA repair 
genes and associations with cancer risk. Cancer Epidemiol. Biomarkers Prev., 11, 
1513-1530. 
31. Chen, L., Elahi, A., Pow-Sang, J., Lazarus, P. and Park, J. (2003) Association between 
polymorphism of human oxoguanine glycosylase 1 and risk of prostate cancer. J. 
Urol., 170, 2471-2474. 
32. Cho, E. Y., Hildesheim, A., Chen, C. J., Hsu, M. M., Chen, I. H., Mittl, B. F., Levine, 
P. H., Liu, M. Y., Chen, J. Y., Brinton, L. A., Cheng, Y. J. and Yang, C. S. (2003) 
Nasopharyngeal carcinoma and genetic polymorphisms of DNA repair enzymes 
XRCC1 and hOGG1. Cancer Epidemiol. Biomarkers Prev., 12, 1100-1104. 
33. Hansen, R., Saebo, M., Skjelbred, C. F., Nexo, B. A., Hagen, P. C., Bock, G., Bowitz 
Lothe, I. M., Johnson, E., Aase, S., Hansteen, I. L., Vogel, U. and Kure, E. H. (2005) 
GPX Pro198Leu and OGG1 Ser326Cys polymorphisms and risk of development of 
colorectal adenomas and colorectal cancer. Cancer Lett., 229, 85-91. 
34. Sliwinski, T., Krupa, R., Wisniewska-Jarosinska, M., Pawlowska, E., Lech, J., 
Chojnacki, J. and Blasiak, J. (2009) Common polymorphisms in the XPD and hOGG1 
genes are not associated with the risk of colorectal cancer in a Polish population. 
Tohoku J. Exp. Med., 218, 185-191. 
35. Siomek, A., Gackowski, D., Rozalski, R., Dziaman, T., Szpila, A., Guz, J. and 
Olinski, R. (2007) Higher leukocyte 8-oxo-7,8-dihydro-2'-deoxyguanosine and lower 
plasma ascorbate in aging humans? Antioxid. Redox Signal., 9, 143-150. 
36. Foksinski, M., Bialkowski, K., Skiba, M., Ponikowska, I., Szmurlo, W. and Olinski, 
R. (1999) Evaluation of 8-oxodeoxyguanosine, typical oxidative DNA damage, in 
lymphocytes of ozone-treated arteriosclerotic patients. Mutat. Res., 438, 23-27. 
37. Gackowski, D., Rozalski, R., Roszkowski, K., Jawien, A., Foksinski, M. and Olinski, 
R. (2001) 8-Oxo-7,8-dihydroguanine and 8-oxo-7,8-dihydro-2'-deoxyguanosine levels 
in human urine do not depend on diet. Free Radic. Res., 35, 825-832. 
38. Dizdaroglu, M. (1994) Chemical determination of oxidative DNA damage by gas 
chromatography-mass spectrometry. Methods Enzymol., 234, 3-16. 
Page 26 of 60
http://mutage.oupjournals.org/
Manuscript submitted to Mutagenesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 26 
39. Bradford, M. M. (1976) A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. Anal. 
Biochem., 72, 248-254. 
40. Speina, E., Zielinska, M., Barbin, A., Gackowski, D., Kowalewski, J., Graziewicz, M. 
A., Siedlecki, J. A., Olinski, R. and Tudek, B. (2003) Decreased repair activities of 
1,N(6)-ethenoadenine and 3,N(4)-ethenocytosine in lung adenocarcinoma patients. 
Cancer Res., 63, 4351-4357. 
41. Kaczanowski, R., Trzeciak, L. and Kucharczyk, K. (2001) Multitemperature single-
strand conformation polymorphism. Electrophoresis, 22, 3539-3545. 
42. Kohno, T., Shinmura, K., Tosaka, M., Tani, M., Kim, S. R., Sugimura, H., Nohmi, T., 
Kasai, H. and Yokota, J. (1998) Genetic polymorphisms and alternative splicing of the 
hOGG1 gene, that is involved in the repair of 8-hydroxyguanine in damaged DNA. 
Oncogene, 16, 3219-3225. 
43. Livak, K. J. and Schmittgen, T. D. (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 25, 
402-408. 
44. Luu-The, V., Paquet, N., Calvo, E. and Cumps, J. (2005) Improved real-time RT-PCR 
method for high-throughput measurements using second derivative calculation and 
double correction. Biotechniques, 38, 287-293. 
45. Cooke, M. S., Evans, M. D., Herbert, K. E. and Lunec, J. (2000) Urinary 8-oxo-2'-
deoxyguanosine--source, significance and supplements. Free Radic. Res., 32, 381-
397. 
46. Goodman, M., Bostick, R. M., Dash, C., Terry, P., Flanders, W. D. and Mandel, J. 
(2008) A summary measure of pro- and anti-oxidant exposures and risk of incident, 
sporadic, colorectal adenomas. Cancer Causes Control, 19, 1051-1064. 
47. Leung, E. Y., Crozier, J. E., Talwar, D., O'Reilly, D. S., McKee, R. F., Horgan, P. G. 
and McMillan, D. C. (2008) Vitamin antioxidants, lipid peroxidation, tumour stage, 
the systemic inflammatory response and survival in patients with colorectal cancer. 
Int. J. Cancer, 123, 2460-2464. 
48. Foksinski, M., Kotzbach, R., Szymanski, W. and Olinski, R. (2000) The level of 
typical biomarker of oxidative stress 8-hydroxy-2'-deoxyguanosine is higher in uterine 
myomas than in control tissues and correlates with the size of the tumor. Free Radic 
Biol Med, 29, 597-601. 
49. Salnikow, K. and Kasprzak, K. S. (2005) Ascorbate depletion: a critical step in nickel 
carcinogenesis? Environ. Health Perspect., 113, 577-584. 
50. Cook, M. G. and McNamara, P. (1980) Effect of dietary vitamin E on 
dimethylhydrazine-induced colonic tumors in mice. Cancer Res., 40, 1329-1331. 
51. Zile, M., Bunge, C. and Deluca, H. F. (1977) Effect of vitamin A deficiency on 
intestinal cell proliferation in the rat. J. Nutr., 107, 552-560. 
52. Vera, J. C., Rivas, C. I., Fischbarg, J. and Golde, D. W. (1993) Mammalian facilitative 
hexose transporters mediate the transport of dehydroascorbic acid. Nature, 364, 79-82. 
53. Blatt, D. H., Leonard, S. W. and Traber, M. G. (2001) Vitamin E kinetics and the 
function of tocopherol regulatory proteins. Nutrition, 17, 799-805. 
54. Sontag, T. J. and Parker, R. S. (2002) Cytochrome P450 omega-hydroxylase pathway 
of tocopherol catabolism. Novel mechanism of regulation of vitamin E status. J. Biol. 
Chem., 277, 25290-25296. 
55. Winnepenninckx, V., Lazar, V., Michiels, S., Dessen, P., Stas, M., Alonso, S. R., 
Avril, M. F., Ortiz Romero, P. L., Robert, T., Balacescu, O., Eggermont, A. M., 
Lenoir, G., Sarasin, A., Tursz, T., van den Oord, J. J. and Spatz, A. (2006) Gene 
Page 27 of 60
http://mutage.oupjournals.org/
Manuscript submitted to Mutagenesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 27 
expression profiling of primary cutaneous melanoma and clinical outcome. J. Natl. 
Cancer Inst., 98, 472-482. 
56. Hofseth, L. J., Khan, M. A., Ambrose, M., Nikolayeva, O., Xu-Welliver, M., Kartalou, 
M., Hussain, S. P., Roth, R. B., Zhou, X., Mechanic, L. E., Zurer, I., Rotter, V., 
Samson, L. D. and Harris, C. C. (2003) The adaptive imbalance in base excision-
repair enzymes generates microsatellite instability in chronic inflammation. J. Clin. 
Invest, 112, 1887-1894. 
57. Bravard, A., Vacher, M., Moritz, E., Vaslin, L., Hall, J., Epe, B. and Radicella, J. P. 
(2009) Oxidation status of human OGG1-S326C polymorphic variant determines 
cellular DNA repair capacity. Cancer Res., 69, 3642-3649. 
58. Moreno, V., Gemignani, F., Landi, S., Gioia-Patricola, L., Chabrier, A., Blanco, I., 
Gonzalez, S., Guino, E., Capella, G. and Canzian, F. (2006) Polymorphisms in genes 
of nucleotide and base excision repair: risk and prognosis of colorectal cancer. Clin. 
Cancer Res., 12, 2101-2108. 
 
 
 
Page 28 of 60
http://mutage.oupjournals.org/
Manuscript submitted to Mutagenesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 1 
Oxidative stress and 8-oxoguanine repair are enhanced in colon adenoma 
and carcinoma patients 
 
 
Tomasz Obtułowicz
1#
, Maja Swoboda
1#
, ElŜbieta Speina
1
, Daniel Gackowski
2
, Rafal 
Rozalski
2
, Agnieszka Siomek
2
, Justyna Janik
1
, Beata Janowska
1
, Jarosław M.Cieśla
1
, 
Arkadiusz Jawien
3
, Zbigniew Banaszkiewicz
3
, Jolanta Guz
2
, Tomasz Dziaman
2
, Anna 
Szpila
2
, Ryszard Olinski
2
, Barbara Tudek
1,4, * 
 
1 
Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland 
2
 Department of Clinical Biochemistry, 
3 
Department of Surgery, Nicolaus Copernicus 
University, Collegium Medicum in Bydgoszcz, Bydgoszcz, Poland 
4
 Institute of Genetics and Biotechnology, Warsaw University, Warsaw, Poland 
 
#
 These authors contributed equally to this work 
 
*
 Corresponding author: Barbara Tudek,  
        Institute of Biochemistry and Biophysics,  
                                   Polish Academy of Sciences,  
                                   Pawinskiego 5a,  
                                        02-106 Warsaw, Poland  
                                   tel: (+4822) 592-3334; fax: (+4822) 592-2190 
                                        e-mail: tudek@ibb.waw.pl 
 
Footnote: 
This work was partly supported by grants from the Ministry of Science and Higher Education 
PBZ-KBN-091/P05/55, PBZ-KBN-094/P06/2003 and PBZ-MNiI-2/1/2005 and by ECNIS 
(European Cancer Risk, Nutrition and Individual Susceptibility), a network of excellence 
operating within the European Union 6
th
 Framework Program, Priority 5: "Food Quality and 
Safety" (Contract No 513943). R.O., R.R., D.G., A.S., T.D., A.Sz., M.S. and J.G., were 
supported by a Foundation for Polish Science fellowship. 
Send reprint requests to Barbara Tudek, Institute of Biochemistry and Biophysics,                                   
Polish Academy of Sciences, Pawinskiego 5a, 02-106 Warsaw, Poland, tel: (+4822) 592-
3334; fax: (+4822) 592-2190, e-mail: tudek@ibb.waw.pl 
 
Running title: Oxidative stress and 8-oxoGua repair in CRC patients  
Key words:  8-oxoguanine, DNA repair, colon cancer, polyps, antioxidants 
 
Page 29 of 60
http://mutage.oupjournals.org/
Manuscript submitted to Mutagenesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 2 
Abstract 
Oxidative stress is involved in the pathogenesis of colon cancer. We wanted to elucidate at 
which stage of the disease this phenomenon occurs. In the examined groups of patients with 
colorectal carcinoma (CRC, n=89), benign adenoma (AD, n=77), and healthy volunteers 
(controls, n=99) we measured: vitamins A, C and E in blood plasma, 8-oxodG and 8-oxoGua 
in leukocytes and urine, leukocyte 8-oxoGua excision activity, mRNA levels of APE1, 
OGG1, MTH1 and OGG1 polymorphism. The vitamin levels decreased gradually in AD and 
CRC patients. 8-OxodG increased in leukocytes and urine of CRC and AD patients. 8-
OxoGua was higher only in the urine of CRC patients. 8-OxoGua excision was higher in CRC 
patients than in controls, in spite of higher frequency of the OGG1 Cys326Cys genotype, 
encoding a glycosylase with decreased activity. mRNA levels of OGG1 and APE1 increased 
in CRC and AD patients, which could explain increased 8-oxoGua excision rate in CRC 
patients. MTH1 mRNA was also higher in CRC patients. The results suggest that oxidative 
stress occurs in CRC and AD individuals. This is accompanied by increased transcription of 
DNA repair genes, and increased 8-oxoGua excision rate in CRC patients, which is, however, 
insufficient to counteract the increased DNA damage. 
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Introduction 
Colorectal cancer (CRC) is one of the most frequent causes of death in western countries. The 
most important etiological factors of sporadic colorectal tumors are inflammation, fat 
metabolism, tobacco smoking as well as consumption of meat and alcohol (1). Inflammation 
is associated with the release of large amounts of reactive oxygen species (ROS) (2), leading 
to oxidation of nucleic acids, proteins and lipids. Many epidemiological studies report an 
inverse association between vegetable and fruit consumption and occurrence of colon cancer 
(3). One of the possible mechanisms of the protective effect of such food constituents as 
vitamins A, C and E is by exerting antioxidative activities, by scavenging free radicals and 
preventing DNA damage. Oxidatively damaged DNA has been blamed for the physiological 
changes associated with degenerative diseases such as cancer (4,5). A plethora of damaged 
DNA bases are formed upon ROS attack on genetic material, several of them reveal strong 
promutagenic properties (6). One of the major and best studied is 8-oxo-7,8-dihydroguanine 
(8-oxoGua), a typical biomarker of oxidative stress, which may play a role in carcinogenesis 
(7). The presence of 8-oxo-7,8-dihydroguanosine (8-oxodG) residues in DNA leads to 
GC→TA transversions (8). 8-OxodG is formed in DNA either via direct oxidation of nucleic 
acids or can be incorporated from the nucleotide pool by DNA polymerases, the latter process 
being an important source of DNA oxidation and genome instability (9,10). Incorporation of 
8-oxodGTP into DNA by DNA polymerases is limited by the activity of MTH1 
phosphohydrolase, which hydrolyzes 8-oxodGTP to 8-oxodGMP (11). 8-OxodGMP is 
subsequently dephoshorylated by nucleotidase and removed from the cell (12). Many 
observations indicate a direct correlation between 8-oxodG formation and carcinogenesis in 
vivo (7,13-16).  
To counteract the deleterious effect of oxidatively damaged DNA, all organisms have 
developed several DNA repair pathways. Excision of 8-oxoGua from DNA is accomplished 
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mainly by base excision repair. Several DNA glycosylases, which specifically recognize and 
remove 8-oxoGua in human cells have been described, the major one apparently being OGG1 
DNA glycosylase (17). Human OGG1 glycosylase recognizes and excises several lesions 
from oligodeoxynucleotides with single DNA damages, including 8-oxoGua, FapyGua, Me-
FapyGua, 8-oxoAde (18,19). The murine enzyme was also shown to excise 8-oxo-inosine, 
O
6
-methyl-8-oxoGua and 8-amino-Gua (20). However, when γ-irradiated DNA was used as a 
substrate, pure human OGG1 liberated only 8-oxoGua and FapyGua, as measured by 
GC/IDMS (18). FapyGua, but not 8-oxoGua, are also eliminated from DNA by NEIL1 DNA 
glycosylase (21). Both these DNA lesions show strong mutagenic activity in mammalian cells 
(22). Numerous experimental data suggest a decrease in DNA repair efficiency in cancer 
patients (23-27). One possibility is that such a decrease may be caused by the presence of 
polymorphic forms of DNA repair genes, which encode proteins with reduced enzymatic 
activities (26). Several polymorphic changes in the OGG1 gene have been described, with the 
most common being Ser326Cys (28). Polymorphic Cys326 OGG1 protein was found to have 
a lower enzymatic activity, both when 8-oxoGua was excised from oligodeoxynucleotides 
(29), and when 8-oxoGua and FapyGua were liberated from γ-irradiated DNA by pure 
Cys326 or Ser326 OGG1 enzyme (18,28). It was suggested that the presence of two OGG1 
326Cys alleles may confer an increased risk of lung, prostate and nasopharyngeal cancer (30-
32), but no association with the risk for colon cancer (33,34). Our and other functional studies 
report a decrease in 8-oxoGua excision rate in lung (23,24) and head and neck cancer patients 
(25). Such a decrease in repair rate and simultaneous increase in 8-oxodG and FapydG levels 
in cellular DNA favors a pro-oxidant state and may accelerate the acquisition of mutations in 
critical genes leading to cancer. Such an idea is basically derived from the observation that a 
pro-oxidant environment is characteristic for advanced stages of cancer. However, it is not 
clear whether increased oxidative stress/oxidatively damaged DNA is merely the result of the 
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disease or whether it plays a role in cancer development. This prompted us to investigate the 
broad range of biomarkers: oxidatively damaged DNA, the status of antioxidant vitamins, and 
the repair of 8-oxoGua in colon cancer patients, in individuals developing benign 
adenomatous polyps and in healthy controls. We observed an increase in oxidatively damaged 
DNA and decreased antioxidant defense in leukocytes of colon cancer patients but also in 
adenoma individuals, of which some may be at very early stages of CRC development. 
Increased oxidative stress stimulates the 8-oxoGua excision rate, although this stimulation is 
insufficient to counteract oxidative damage to DNA.  
 
 
Materials and methods 
Materials 
T4 polynucleotide kinase and [γ-
32
P]ATP were from GE Healthcare.  Oligodeoxynucleotide 
(40 nt) containing a single 8-oxodG at position 20 in the sequence 5’-d(GCT ACC TAC CTA 
GCG ACC TXC GAC TGT CCC ACT GCT CGA A)-3’, where X indicates 8-oxodG was 
obtained from Eurogentec Herstal, (Herstal, Belgium). A complementary 
oligodeoxynucleotide containing dC opposite 8-oxodG was synthesized in the 
Oligonucleotide Synthesis and Sequencing Laboratory, IBB PAS (Warsaw, Poland). 
 
Study group 
This case-control study was conducted in three groups. The control group consisted of 99 
healthy individuals (44 male and 55 female) of median age 55 years (range 42 to 65 years). 
The polyp individuals group (AD, n=77, 28 serrated adenomas and 49 adenomas) comprised 
38 females and 39 males with a median age of 60 years (range 32 to 83). The colorectal 
cancer patient group (CRC, n=89) comprised 45 males and 44 females (median age 62 years, 
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range 27 to 90). All participants were Caucasians and there were no relatives among them. All 
individuals participating in the study were recruited through the hospital (Collegium 
Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland) and were examined by 
colonoscopy. The control group was recruited from individuals undergoing routine colon 
cancer screening, in whom colonoscopy revealed no cancer or polyps. All the subjects, when 
recruited to the study, filled in a questionnaire concerning demographic data, smoking, diet 
and medical history. Interviewees were asked to estimate the average frequency of 
consumption of various dietary items in the year preceding the interview. The majority of 
them reportedly consumed 3 servings of fruit and vegetables and about 250 g of meat and fat 
per day. To make the group even more homogenous, the subjects who reported the extreme 
consumption, as well as those who reported supplementation within the last month were 
excluded from the study. The questionnaire was administered by the team physician (Dr. 
Banaszkiewicz). The control group was chosen to maximally match the patient groups and 
adenoma individuals by age, sex, diet (consumption of fat, carbohydrates and vitamin intake), 
body weight, and smoking status. Among healthy volunteers, AD individuals and CRC 
patients, two groups were distinguished in relation to their smoking status, namely those who 
had never smoked and smokers who consumed 20 or more cigarettes per day. 
Blood and urine was drawn from CRC and AD patients at diagnosis, and from control 
individuals, when they were recruited to the study following colonoscopy verifying they were 
free of any morphological changes within the colon and rectum. Diagnoses of all polyps and 
adenocarcinomas were confirmed by histological examination. All the CRC patients had 
histologically proven adenocarcinomas at: A (n=4), B1 (n=25), B2 (n=13), C1 (n=3), C2 
(n=27) and D (n=17) stage according to Duke
’
s scale with Astler-Coller modification. In 57 
cases, cancer developed in the colon, and in 20 patients, in the rectum. In the majority of 
cases only one tumor was identified. The information concerning tumor histology and patient 
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questionnaire responses were blinded to all investigators (with the exception of the team 
physician) until after the statistical analysis was completed.  
The patients were not treated with any anticancer drugs or vitamins during the time 
from the diagnoses until surgery (up to 4 weeks). 
The study was conducted in accordance with the Helsinki Declaration and was 
approved by the medical ethics committee of Collegium Medicum, Nicolaus Copernicus 
University, Bydgoszcz, Poland. All participants signed informed consent.  
 
Determination of plasma vitamins A, E, C and uric acid concentration by HPLC 
Quantification of vitamin E (α-tocopherol), vitamin A (retinol), vitamin C (ascorbic acid) and 
uric acid by HPLC technique was as previously described (35). Briefly, for vitamin A and E 
measurement, freshly prepared or freshly thawed plasma samples were mixed with 200 µl of 
HPLC-grade water and 400 µl of ethanol in order to precipitate proteins. For vitamin 
extraction, 800 µl of hexane was added, and mixed for 30 min. Then, 600 µl of the upper 
layer (hexane) was collected, dried in the Speed-Vac system and dissolved in 150 µl of 
mobile phase containing acetonitrile:methanol (85:15%, v/v) for stabilization of vitamins. 20 
µl of this solution was injected into the HPLC system. Standard and control serum samples, 
with known α-tocopherol and retinol concentrations, were purchased from Chromsystems and 
prepared like the plasma samples.  
The HPLC system consisting of a GP 40 gradient pump, GINA 50 autosampler (both 
from Dionex) and Jasco FP-920 fluorimetric detector was used for α-tocopherol and retinol 
quantification. Samples were separated in an isocratic system C18 reversed phase column 
Atlantis DC 18 (3 mm x 150 mm x 5 µm) with guard column. The mobile phase, containing 
acetonitrile and methanol (85:15, v/v), was used at a flow rate of 1.5 ml/min. The effluent was 
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monitored with fluorimetric detection (ex=340 nm, em=472 nm for retinol and ex=290 nm, 
em=330 nm for α-tocopherol) and analyzed by Dionex Chromeleon software.  
For determination of plasma vitamin C and uric acid a standard stock solution (1 mM 
uric acid) was made by dissolving uric acid in deionized water. Working standards (in the 
range 10-500 µM in 5% metaphosphoric acid, MPA) were freshly prepared for each analysis. 
All solutions were carefully protected from light during preparation and analyzes. Standard 
and control serum samples, with known ascorbic acid concentrations, were purchased from 
Chromsystems and prepared like the plasma samples. Aliquots (200 µl) of freshly prepared or 
freshly thawed plasma samples were mixed with 200 µl of 20% MPA for protein precipitation 
and ascorbic acid stabilization. After centrifugation (10 min, 3000×g, 4°C), the supernatants 
were collected and filtered through Millipore microcentrifuge filters (NMWL 5000). Aliquots 
of 20 µl from these filtrates were injected into the HPLC system. The HPLC system consisted 
of HPLC 515 pump and 717 PLUS autosampler (both from Waters), and Photodiode Array 
Detector 2996 (Waters) was used for ascorbic acid quantification. Samples were separated in 
the isocratic system C18 reversed-phase column Spherisorb 5 µm ODS2 250 mm × 4.6 mm 
with C18 guard column, at a flow rate of 1 ml/min. The mobile phase containing 5 mM 
KH2PO4, 1 mM Na2EDTA, adjusted to pH 3.0 with phosphoric acid, was prepared from 
deionised water and filtered through a 0.22 µm membrane before use. The effluent was 
monitored with a UV detector at 245 nm (ascorbic acid detection), 280 nm (uric acid 
detection) and analyzed by Empower software.  
 
Isolation of leukocytes from venous blood 
Blood samples were withdrawn from patients and controls in the morning before breakfast in 
Clinical Units of Collegium Medicum Nicolaus Copernicus University in Bydgoszcz. Blood 
samples (18 ml) were carefully applied on top of Histopaque 1119 solution (Sigma-Aldrich 
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Inc.; St. Louis, MO, USA) and leukocytes were isolated by centrifugation according to the 
manufacturer’s procedure.  
 
DNA isolation and 8-oxodG determination in DNA isolates 
DNA from leukocytes was isolated using the method described earlier (35). Briefly; the pellet 
of cells was dispersed by vortexing in ice-cold buffer B (10 mM Tris, 5 mM Na2EDTA, 0.15 
mM deferoxamine mesylate, pH 8.0). A solution of SDS was added (to the final concentration 
of 0.5%), and vortexing was repeated; RNase in 10 mM Tris pH 8.0 was added, and the 
mixture was gently vortexed. After incubation for 30 min at 37°C, the protease was added; the 
mixture was gently vortexed and incubated at 37°C for 1 h. The mixture was cooled to 4°C 
and transferred to a centrifuge tube containing chloroform/3-methyl-1-butanol and vortexed 
vigorously. After centrifugation, the supernatant containing DNA was treated with 2 volumes 
of cold absolute ethanol in order to precipitate high molecular weight DNA. The precipitate 
was removed with a plastic spatula, washed with 70% ethanol, and after centrifugation 
dissolved in nuclease P1 buffer (40 mM sodium acetate, 0.1 mM ZnCl2, pH 5.1).  
Determination of 8-oxodG by means of the HPLC/EC technique was described previously 
(36). For genotyping, DNA was extracted from frozen leukocytes using Genomic Mini Kit 
(A&A Biotechnology; Gdansk, Poland).  
 
Urine analysis 
Overnight spot urine samples were collected. 0.5 nmol of [
15
N3, 
13
C] 8-oxoGua, 0.05 nmol of 
[
15
N5] 8-oxodG and 10 µl of acetic acid (Sigma, HPLC grade) were added to 2 ml of urine. 
Isotopic purity of the applied standards was 97.6 and 99.7%, respectively. After centrifugation 
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(2000×g, 10 min), the supernatant was filtered through a Millipore GV13 0.22 µm syringe 
filter, and 500 µl of this solution was injected onto the HPLC system. 
Urine HPLC purification of 8-oxoGua and 8-oxodG was performed according to 
Gackowski et al. (37).  
GC/MS analysis was performed according to the method described by Dizdaroglu 
(38), adapted for additional [15N5] 8-oxoGua analyses (m/z 445 and 460 ions were 
monitored). 
Cases and controls were interspersed throughout the batches to reduce the possibility 
of batch effects. The samples were run randomly in duplicate. Intrasample coefficient of 
variation (cv) for the measurements of 8-oxoGua in urine was 0.9% and intersample 
measurements differed by 6%. Intersample cv for 8-oxodG was 7% and intrasample 3%.  
 
Preparation of tissue extracts 
Blood leukocytes were homogenized with four volumes of 50 mM Tris-HCl, pH 7.5 buffer 
containing 1 mM EDTA, and proteases inhibitor cocktail (Sigma). Cells were disrupted by 
sonication (three 15 s pulses and 30 s intervals), centrifuged (7000xg, 4°C, 30 min), and the 
supernatant was collected. Protein concentration was determined by the Bradford method 
(39).  
 
8-OxoGua excision activity assay 
8-OxoGua excision activity was measured by the nicking assay (23,40) using 32P-labelled 40 
nt oligodeoxynucleotide duplex containing a single 8-oxodG, as described previously (10). 
The nicking assay allows simultaneous measurements of the glycosylase and AP 
endonuclease activities of the extract. The amount of product was quantified in Molecular 
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Dynamics Storm 820 PhosphorImager using Image Quant software (Molecular Dynamics, 
version 5.2). Cases and controls were interspersed throughout the batches to reduce the 
possibility of batch effects.  
 
OGG1 genotyping by the Multitemperature PCR-Single Strand Conformation Polymorphism 
(MSSCP) method 
OGG1 Ser326Cys polymorphism was investigated by the MSSCP method (41). A pair of 
intron based primers of the sequence: forward 5’ ACT GTC ACT AGT CTC ACC AG 3’, 
reverse 5’ TGA ATT CGG AAG GTG CTT GGG GAA T 3’ (42) was used to PCR amplify 
exon 7 of the OGG1 gene. Cycling conditions for OGG1 PCR-MSSCP were: 95°C for 3 min, 
35 cycles of 1 min at 95°C, 1 min at 55°C, 2 min at 72°C, followed by an extension step of 7 
min at 72°C. PCR products (4 µl) were denatured and separated by electrophoresis on native 
10% polyacrylamide gel in 0.5 x TBE buffer in DNA Pointer System Plus (BioVectis, 
Warsaw, Poland). Initial electrophoresis was performed at 100V for 10 min at 35°C, and 
subsequently at three temperatures of 35-15-5°C for 30 min each at 40W. DNA bands were 
visualized by silver staining (BioVectis). Abnormally migrating conformers were sequenced 
in the Oligonucleotide Synthesis and Sequencing Laboratory, IBB PAS.  
 
RNA extraction and cDNA synthesis 
Total RNA was isolated from frozen leukocytes using the TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). The quality of total RNA was checked by formaldehyde-agarose gel 
electrophoresis, and for further analyses, only RNA samples with clearly distinguished 18S 
and 28S ribosomal RNAs and no visible RNA degradation were used. Total RNA (1 µg) from 
each sample was used to generate cDNA using the Advantage RT-for-PCR cDNA synthesis 
kit (Clontech; Mountain View, CA, USA) with oligo(dT) primers. 
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Real-time PCR using SYBR-Green chemistry 
Real-time PCR assays were carried out on an Applied Biosystems 7500 apparatus. Each 
reaction was carried out in 25 µl mixture containing: 1x Taq polymerase buffer (without 
MgCl2), 3 mM MgCl2, 0.01% Tween 20, 0.8% glycerol, 5% DMSO, 0.5 ng/µl acetylated 
BSA, dATP, dCTP, dGTP and dTTP – 400 µM each, 1x concentrated reference dye ROX, 
1:40000 diluted SYBR Green, 0.625 U of Taq polymerase, forward and reverse primers, 400 
µM each, and cDNA template. Time-temperature program was as follows: 95ºC for 3 min as 
initial denaturation step followed by 45 cycles consisting of a denaturation step at 95ºC for 15 
s, primer annealing at 60ºC for 15 s and an extension step at 72ºC for 1 min. Fluorescence was 
read during the extension step of each cycle. Melting-point temperature analysis was 
performed in the range of 60 to 95ºC, with temperature increments of 0.33ºC. Background 
range and threshold for Ct evaluation in each experiment were adjusted manually.  
The following primers designed using the Primer Express program (Applied 
Biosystems; Foster City, CA, USA) were used: 5’-ATTCGAACGTCTGCCCTATCA-3’ and 
5’-TGCCTTCCTTGGATGTGGTAG-3’ for the 18S rRNA gene, 5’-
GCCTTTCGCAAGTTCCTGA-3’ and 5’-GCGTGAAGCCAGCATTCTTT-3’ for APE1, 5’-
CCCCACGTCTCATGTTG-3’ and 5’-CCATCCTTAGCGCTGTCTCC-3’ for the OGG1 
gene. Annealing temperatures for these primers were from 58 to 60ºC. The product from each 
pair was 131-132 bp long.  
Before use, the primers were tested for equal efficiency of the PCR reaction. To ensure 
that, the 2
-∆∆Ct
 method validation was applied (43), each experiment involved measurement of 
Ct values for four or five amounts of the template, each in duplicate. The template amounts 
per sample were as follows: for 18S rRNA – 10, 20, 40, 80 and 160 ng, for APE1 – 40, 80, 
160, 320 and 640 ng, for OGG1 – 80, 160, 320 and 640 ng. The efficiency (which may have a 
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value between 0 and 1) of the QPCR reaction with each primer pair was calculated, and 
subsequently used to calculate the ratio of each studied gene to the reference gene. Only 
efficiencies of values ≥ 0.95 were accepted. 
For each cDNA sample four reactions were carried out using two template amounts of 
10 and 40 ng, each in duplicate. The quality of results was evaluated based on expected Ct 
differences between the two cDNA amounts as well as product melting curves. Few rare 
outlying results were omitted in the calculations. For each gene the amounts of cDNA were 
chosen individually (if possible, the same for all genes) to obtain Ct values in the range 
between 14 and 34 cycles.  
The results were calculated with normalization of Ct values to mean Ct value for the 
18S rRNA reference gene as described (44). 
 
Statistical analysis 
Data are presented as median and interquatrile range. The statistical differences of the results 
were analyzed by Mann-Whitney U test and Mann-Whitney U test with Bonferroni correction 
after the Kruskal-Wallis ANOVA. Associations between
 
different variables were
 
calculated 
using Spearman's correlation analysis. All statistical
 
analyses were performed using 
STATISTICA 6.0 (StatSoft, Inc.,
 
Tulsa, OK). P values less than 0.05 were considered 
statistically significant.  
 
Results 
Oxidative status 
In order to investigate the difference in oxidative status between patients with CRC and 
adenoma in relation to healthy volunteers, we measured antioxidant vitamins in blood plasma 
and the level of oxidized nucleotides in urine of these three groups. CRC patients had 
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significantly lower levels of ascorbic acid (34.76 µM), α-tocopherol (23.92 µM) and retinol  
(1.13 µM) as well as uric acid (277.79 µM) in blood plasma than healthy controls (56.70 µM, 
35.71 µM, 1.99 µM, and 312.25 µM, P=0.000000, 0.00001, 0.00001 and 0.00011, 
respectively; Table I). In adenoma individuals the level of ascorbic acid (49.79 µM) as well as 
of uric acid (325.23 µM), which is one of the main ROS scavengers in the human body, was 
similar to that in control individuals (P=0.058 and 0.70, respectively, Table I). The levels of 
α-tocopherol and retinol in plasma of adenoma individuals (30.15 µM and 1.70 µM, 
respectively) were intermediate between those of CRC patients and healthy volunteers, and 
differences between all groups were statistically significant (P=0.000000, C vs. A and 0.0083, 
A vs. H, for α-tocopherol, and P=0.00001, C vs. A and 0.00015, A vs. H for retinol; Table I). 
Antioxidant vitamin deficit in individuals, who may be at early or are at later stages of 
neoplastic transformation (AD and CRC) was accompanied by an increased level of 
oxidatively damaged DNA. 8-OxodG level in DNA of blood leukocytes was elevated both in 
CRC patients (6.31 8-oxodG/10
6
dG) and AD individuals (5.89 8-oxodG/10
6
dG) in relation to 
healthy volunteers (4.41 8-oxodG/10
6
dG, P=0.000000, C vs. H and 0.000004, A vs. H, Table 
II). Urinary excretion of 8-oxoGua was higher for CRC patients than for healthy controls and 
adenoma individuals (10.07 nmols/mmol creatinine for CRC, vs. 7.68 nmols/mmol creatinine 
for healthy individuals, P=0.000075 and vs. 7.55 nmols/mmol creatinine for adenoma, 
P=0.0079, Table II). In urine of AD individuals the 8-oxoGua level (7.55 nmols/mmol 
creatinine) was similar to that of healthy volunteers (7.68 nmols/mmol creatinine, P=0.51). 
The level of 8-oxodG was higher in urine of both CRC patients (1.74 nmols/mmol creatinine) 
and AD individuals (1.70 nmols/mmol creatinine) in comparison to control individuals (1.38 
nmols/mmol creatinine, P=0.00026 and 0.000008, respectively, Table II). There was no 
correlation between age and antioxidant vitamin levels in colon cancer patients.  
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8-OxoGua repair capacity and OGG1 gene polymorphism 
CRC patients revealed significantly higher 8-oxoGua excision activity in leukocytes (40.10 
pmols/h/mg protein) than healthy controls (22.50 pmols/h/mg protein, P=0.000000; Table 
III). Due to insufficient quantity of clinical material we were unable to measure 8-oxoGua 
repair in leukocytes of AD subjects.  
Differences in 8-oxoGua repair capacity between CRC patients and controls might be 
caused by different frequencies of OGG1 protein Ser326Cys polymorphism in both groups. 
We identified OGG1 genotypes of CRC patients and AD individuals, as well as of controls. 
We found that the population of healthy individuals does not confirm Hardy-Weinberg 
equilibrium very well. In the healthy control group the frequency of the Ser326Cys genotype 
is higher and the frequency of Ser326Ser genotype is lower than expected (34% vs. 18% and 
65% vs. 81%, respectively; Table IV). In all the studied groups from 35% to 48.7% of 
individuals carried at least one 326Cys allele. However, among CRC patients there was a 
significantly higher number of Cys326Cys homozygotes (23%) than in the remaining two 
groups (1.3% and 1% in AD and controls, respectively, Table IV). This is inconsistent with 
the expected repair activity distribution among cancer patients and controls in relation to 
known properties of pure variant proteins (18,29). Although 8-oxoGua excision rate was 
lower in leukocytes of CRC patients bearing the Cys326Cys genotype (24.5 pmols/h/mg 
protein) than in those bearing the Ser326Ser genotype (42 pmols/h/mg protein, respectively, 
Table V), CRC patients with homozygous OGG1 Cys variant had similar 8-oxoGua repair 
capacity to that of healthy Ser326Ser control individuals. This may suggest that although 
OGG1 polymorphism may have an impact on the rate of 8-oxoGua excision in human tissues, 
the effective excision activity is also influenced by other factors. 
In CRC patients increased levels of 8-oxoGua were observed in urine of both OGG1 
326 heterozygotes (P=0.011) and OGG1 Ser326Ser homozygotes (P=0.049). However, when 
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comparing 8-oxoGua urinary excretion within the groups of CRC patients and controls, no 
significant differences were found in relation to the OGG1 Ser326Cys polymorphism (Table 
V).  
The level of 8-oxodG in leukocytes was higher in homozygous Ser/Ser colon cancer 
patients than in healthy Ser/Ser individuals (P=0.000001). However, heterozygous CRC 
patients and heterozygous healthy volunteers had comparable amounts of 8-oxodG in their 
leukocytes (P=0.1; Table V). When comparing the 8-oxodG level in leukocytes within the 
groups of healthy individuals in relation to the OGG1 polymorphism, no differences were 
found between Ser326Ser homozygotes and Ser326Cys heterozygotes. Among CRC patients 
the 8-oxodG level in leukocytes was lower in Ser326Cys heterozygotes than in Cys326Cys 
and Ser326Ser homozygotes (P=0.003 and P=0.016, respectively; Table V). 
Interestingly, we did not find any correlation between 8-oxoGua repair capacity and 8-
oxodG level in blood leukocytes and urine, either in the group of healthy controls or in CRC 
patients, both for the whole groups and the OGG1 variants. 
 
mRNA level of OGG1, APE1 and MTH1 
In order to obtain an insight into the mechanism of increased 8-oxoGua repair in CRC 
patients, we investigated the mRNA level of OGG1 glycosylase and the next enzyme in the 
BER pathway – AP endonuclease, APE1, as well as 8-oxodGTP phosphohydrolase, MTH1. 
OGG1 and APE1 mRNA levels were about an order of magnitude higher in leukocytes of 
CRC patients (1.28 for OGG1 and 88.25 for APE1) and AD individuals (0.99 for OGG1 and 
113.83 for APE1) in comparison to healthy volunteers (0.19 for OGG1, P=0.000000 C vs. H 
and 0.000002 A vs. H, and 13.87 for APE1, P=0.000000 C vs. H and 0.000009 A vs. H, Table 
VI). There was no difference in OGG1 and APE1 mRNA levels between CRC patients and 
AD individuals (P=0.46 and 0.5, respectively, Table VI). Also, no statistically significant 
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differences in mRNA levels of OGG1 and APE1 were found among CRC patients and 
adenoma individuals in relation to the OGG1 genotype. However, in healthy controls OGG1 
expression in individuals bearing the Ser/Ser genotype was lower than in those with the 
Ser/Cys genotype (P=0.008, Table VI). For APE1 a strong, but statistically insignificant, 
tendency of decrease in the APE1 mRNA level was also observed in healthy volunteers 
bearing the Ser/Ser rather than the Ser/Cys genotype (P=0.057, Table VI). Similarly, the 
MTH1 mRNA level was significantly higher in leukocytes of CRC patients (86.82) than of 
healthy individuals (5.26, P=0.0.0012; Table VI). Interestingly, an increased MTH1 mRNA 
level was observed only in CRC patients bearing the OGG1 326Cys allele (Table VI). 
 We found a strong positive correlation between OGG1 and APE1 mRNA levels in 
both healthy controls (ρ=0.77, P=0.000000, n=39) and adenoma individuals and colon cancer 
patients (ρ=0.9, P=0.000000, n=38 and ρ=0.68, P=0.000000, n=45, respectively). In the 
group of healthy controls, but not in the group of colon cancer patients and adenoma 
individuals, there was a positive correlation between OGG1 and APE1 mRNA levels and the 
amount of 8-oxoGua in urine (ρ=0.41, P=0.04, n=24 and ρ=0.42, P=0.04, n=24, respectively). 
However, we did not observe any association between OGG1, APE1 and MTH1 mRNA 
levels and the amount of 8-oxodG in blood leukocyte DNA in all the studied groups. 
 
Effect of tobacco smoking, sex, age and cancer stage 
No effect of tobacco smoking, sex and age on 8-oxoGua excision rate as well as mRNA level 
of repair enzymes was observed in leukocytes of CRC patients and controls. Moreover, no 
differences in leukocyte 8-oxodG level and 8-oxoGua urinary excretion were observed in 
relation to tumor localization within the colon or rectum. In the majority of adenoma 
individuals only one polyp was found, and if more were present there was no correlation 
between measured parameters of oxidative stress and multiplicity of polyps. A weak positive 
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correlation was found between 8-oxoGua level in urine and the stage of disease (ρ=0.22, 
P=0.05, n=57).  
 
Discussion 
We measured the oxidative status and 8-oxoGua repair in leukocytes of healthy individuals, 
patients bearing benign adenomas (AD), and colon cancer (CRC) patients. CRC usually 
develops by neoplastic transformation of a colon epithelial cell, giving rise to a benign polyp, 
which subsequently may progress to invasive carcinoma. The group of AD patients might 
thus represent individuals at an early stage of colon cancer development, and give an insight 
to the contribution of oxidative processes in colon carcinogenesis in humans. However, it is 
necessary to bear in mind that probably not all of AD individuals will develop cancer in the 
future. We used the most extensively applied method of exploring the level of oxidatively 
damaged DNA in the whole organism, namely determination of 8-oxodG in DNA of 
surrogate tissues such as white blood cells or urinary excretion of 8-oxoGua and/or 8-oxodG. 
8-OxoGua may reflect the rate of base excision repair, and 8-oxodG sanitation of the cellular 
nucleotide pool by the MTH1 directed pathway (12) or less likely nucleotide excision repair 
(45). 
We observed increased oxidative stress in CRC patients, but also in AD individuals in 
comparison to healthy controls. This manifested as an elevation of the 8-oxodG level in 
leukocytes and in urine, as well as depletion of antioxidant vitamins in blood plasma. 
Moreover, increased mRNA levels of repair enzymes, OGG1, APE1 and MTH1 were found 
in leukocytes of CRC and AD individuals, and an increased 8-oxoGua excision rate in 
leukocytes of CRC patients with an increased frequency of the OGG1 Cys326Cys genotype.  
An increase in oxidative stress during colon carcinogenesis was demonstrated by several 
groups. Goodman et al. (46) showed an inverse association between oxidative balance score 
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(which characterizes pro-oxidant and anti-oxidant exposures) and colorectal adenoma. Leung 
et al. (47) further demonstrated that oxidative stress increases during CRC progression from 
operable CRC to non-operable liver metastasis, as observed by depletion of antioxidant 
vitamins and increase in lipid peroxidation. Several observations also suggest increase in 
oxidative processes in cancer tissues (48). The suggested mechanisms responsible for the 
oxidative stress in cancer patients include (4): i/ granulocyte activation with release of ROS; 
ii/ stimulation of cytokines, of which some, e.g. tumor necrosis factor, produce large amounts 
of ROS; iii/ production of hydrogen peroxide by malignant cells, which in advanced stages of 
cancer may be released into the blood stream and penetrate into other tissues (2).  
The conditions outlined above may not be relevant for patients with benign colon 
tumors. However, our results demonstrate that the 8-oxodG level in leukocyte DNA and in 
urine is significantly higher in individuals with polyps in comparison with the control group 
(Table II). In contrast, urinary excretion of 8-oxoGua, which may reflect excision by DNA 
glycosylases, was not elevated in AD individuals (Table II). The nucleotide pool is much 
more susceptible to oxidation than dsDNA; hence, 8-oxodG in urine may be a more sensitive 
indicator of oxidative processes in the body, and shows that even in AD individuals the 
oxidative processes are enhanced. This is confirmed by the observed decrease of antioxidant 
vitamins, α-tocopherol and retinol in blood plasma of AD individuals. Further decrease of 
these antioxidants, as well as ascorbic acid was observed in CRC patients (Table 1). This may 
suggest that antioxidant defense gradually decreases in the course of disease development. 
Other studies show a similar depletion of antioxidant vitamins in cancer patients in 
comparison to controls (49). The mechanism of such depletion may involve either insufficient 
vitamin intake, or malabsorption in the intestine or accelerated usage during disease 
progression. Vitamins E and A may also participate in regulation of cell proliferation, e.g., α-
tocopherol inhibits protein kinase C activity and in effect cell proliferation. Supplementation 
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of animals with vitamin E prevents chemically induced colon cancer (50). Vitamin A 
deficiency is responsible for decreased mucosa production and expansion of proliferation 
zones (51). Absorption of vitamins C and E occurs via intestinal transporters (52,53). 
Moreover, cytochrom P450-catalyzed catabolism of tocopherols may be a decisive factor 
responsible for the bioavailability of vitamin E (54).  
Since in our study the subjects had similar dietary habits, the differences in antioxidant 
vitamin levels might be at least partially genetically determined.  
The second line of defense against oxidative stress is DNA repair. 8-OxoGua excision 
activity was significantly higher in leukocytes of CRC patients in comparison to healthy 
volunteers (Table III). The increase in 8-oxoGua repair capacity might be due to increased 
transcription from OGG1 and APE1 genes, which was observed in AD and CRC individuals   
(Table VI). Thus, induction of DNA repair genes seems to occur at an early stage of the 
carcinogenic pathway, and may be caused by increased oxidative stress. Expression of APE1 
and OGG1 is induced by ROS (26), and we found that oxidative stress is enhanced both in the 
CRC and AD group. Our results corroborate the findings of Winnepenninckx and coworkers 
(55) that induction of most DNA repair genes occurs very early in the carcinogenic process, 
e.g., four years before clinical manifestation of malignant skin melanoma. This may be a part 
of a carcinogenic program, which might decrease apoptosis in aberrant cells and/or favor 
genomic instability. In yeast and human cells, overexpression of some repair enzymes, 
namely methylpurine DNA glycosylase and/or APE1, was associated with frameshift 
mutations and microsatellite instability (56). 
Increase in 8-oxoGua excision in blood leukocytes of CRC patients was in contrast to 
studies of other cancer types, which showed that 8-oxoGua repair capacity was decreased in 
lung (23,24) and in head and neck (25) cancer patients. Such a decrease was frequently linked 
to the OGG1 Ser326Cys polymorphism. Pure 326Cys OGG1 variant excises 8-oxoGua and 
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FapyGua from DNA at lower rates than the wild-type enzyme (28,29). However, 
controversial results showing no association between OGG1 Ser326Cys polymorphism and 8-
oxoGua excision rate have also been reported (26). Recent work of Bravard and coworkers 
(57) shows that the OGG1 Cys variant is more sensitive to oxidative inactivation than the Ser 
variant, so different degrees of oxidative stress in different studies might partially explain the 
controversies in the literature.  
This study shows a higher frequency of Cys326Cys homozygotes among CRC patients 
than among AD individuals or the control group (Table IV). Our results in contrast to the 
observations of Hansen and coworkers (33), who found a higher frequency of Cys allele 
among the controls than CRC patients. Allelic distribution may depend on genetic 
background of the local population, specifically if the population is isolated, like it was in 
Poland after the Second World War till the nineteen nineties. Another study performed on the 
Polish population did not find an association between the OGG1 polymorphism and CRC 
risk, but a higher, although statistically insignificant, frequency of the Ser326Cys genotype 
was found in CRC patients in comparison to controls (P=0.07) (34). Similarly to our results, 
Moreno and coworkers (58) showed an association between OGG1 Cys/Cys genotype and 
CRC risk in the Spanish population. These inconsistent results regarding the association of the 
OGG1 genotype and CRC suggest the influence of other factors.  
In our study the effect of the OGG1 Ser326Cys polymorphism on 8-oxoGua excision 
rate was clearly seen in the CRC patient group, in which Cys homozygotes were found to 
have a decreased 8-oxoGua excision rate in comparison with Ser homozygotes. Interestingly, 
the OGG1 genotype exerted a limited effect on 8-oxodG level in leukocytes and urinary 
excretion of 8-oxoGua (Table V). The only difference found was the decreased level of 8-
oxodG in leukocytes of CRC patients with the OGG1 Ser326Cys heterozygous genotype in 
comparison to both Cys/Cys and Ser/Ser homozygotes. This is difficult to explain, since 
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leukocytes of CRC patients with at least one Cys allele exhibited an increased mRNA level of 
MTH1 phosphohydrolase (Table VI). MTH1 activity prevents incorporation of 8-oxodGTP to 
DNA and decreases the level of 8-oxodG in DNA. Thus, several pathways are engaged in 
elimination of 8-oxoGua from DNA, for example nucleotide pool sanitation and base excision 
repair (10).  
In the group of healthy subjects there was significant positive correlation between 
mRNA levels of the main enzymes involved in 8-oxoGua removal (OGG1 and APE1), and 
the amount of 8-oxoGua in urine. Therefore, our finding is the first experimental evidence 
which suggests that urinary 8-oxoGua measurements may be attributed to DNA repair. 
However, there was no such correlation in the groups of adenoma individuals and carcinoma 
patients. The main reason for this inconsistency may be aberrant DNA oxidation in cancerous 
and precancerous conditions which may overshadow the subtle relationship observed in 
healthy subjects. 
This study shows that oxidative stress and antioxidant vitamin deficiency are increased 
in individuals developing colon adenomas and carcinomas, and may suggest that they 
contribute to the development of colon cancer. At the early stage of colon carcinogenesis, a 
defense pathway for elimination from DNA of 8-oxoGua and FapyGua is induced. This 
induction may, nevertheless, be insufficient to counteract the increased DNA damage.  
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Table I. The concentrations of antioxidants in the plasma of colon cancer patients, individuals with 
adenomas and healthy volunteers 
 
 Carcinoma 
patients (C)a 
Adenoma 
patients (A)a 
Healthy 
volunteers (H)a 
Pb  
 
Ascorbic acid 
(µM) 
34.76 
(20.01–47.71) 
n = 89 
49.79 
(30.13–68.19) 
n = 77 
56.70 
(40.68–73.09) 
n = 99 
0.000000 (C vs. H)  
0.058 (A vs. H)  
0.000032 (C vs. A)  
α-Tocopherol 
(µM) 
23.92 
(17.87–27.77) 
n = 86 
30.15 
(24.95–37.69)  
n = 71 
35.71 
(28.71–41.43) 
n = 101 
0.00001 (C vs. H)  
0.0083 (A vs. H) 
0.000000 (C vs. A)  
Retinol 
(µM) 
1.13 
(0.85–1.49) 
n = 85 
1.70 
(1.39–2.14) 
n = 71 
1.99 
(1.69–2.39) 
n = 101 
0.00001 (C vs. H)  
0.00015 (A vs. H)  
0.00001 (C vs. A)  
Uric acid 
(µM) 
277.79 
(207.74–351.41) 
n = 89 
325.23 
(276.14–393.13) 
n = 77 
312.25 
(271.75–381.08) 
n = 99 
0.00011 (C vs. H) 
0.70 (A vs. H) 
0.00011 (C vs. A)  
 
a
 Comparison of antioxidants, expressed as median and interquartile range, between patients groups 
and healthy volunteers (Mann-Whitney U test). 
b
 All P values are after Bonferroni correction. 
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Table II. The level of oxidized nucleosides in DNA of leukocytes and urine of colon cancer patients, 
individuals with adenomas and healthy volunteers 
 
 Carcinoma 
patients (C)a 
Adenoma 
patients (A)a 
Healthy 
volunteers (H)a 
P b 
 
8-OxodG/106dG in 
leukocyte DNA 
6.31 
(4.91–8.27) 
n = 75 
5.89 
(4.56–8.57) 
n = 70 
4.41 
(3.62–5.71) 
n = 99 
0.000000 (C vs. H) 
0.000004 (A vs. H) 
0.37 (C vs. A) 
8-OxoGua in urine 
(nmols/mmol 
creatinine) 
10.07 
(7.37–15.20) 
n = 59 
7.55 
(5.16–11.15) 
n = 45 
7.68 
(4.61–10.13) 
n = 84 
0.000075 (C vs. H) 
0.51 (A vs. H) 
0.0079 (C vs. A) 
8-OxodG in urine 
(nmols/mmol 
creatinine) 
1.74 
(1.31–2.99) 
n = 54 
1.70 
(1.25–2.95) 
n = 44 
1.38 
(1.09–1.73) 
n = 82 
0.00026 (C vs. H) 
0.000008 (A vs. H) 
0.54 (C vs. A) 
 
a
 Comparison of the level of oxidized nucleosides, expressed as median and interquartile range, 
between patient group and healthy volunteers (Mann-Whitney U test). 
b
 All P values are after Bonferroni correction. 
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Table III. 8-OxoGua repair activity in leukocytes of colon cancer patients 
and healthy volunteers 
 
8-OxoGua excision activity 
(pmols/h/mg protein) 
Carcinoma patientsa Healthy volunteersa 
P 
 
40.1 
(29.43–59.69) 
n = 68 
22.50 
(15.30–29.40) 
n = 90 
0.000000 
 
a
 Comparison of 8-OxoGua repair activity, expressed as median and 
interquartile range, between carcinoma patients and healthy volunteers 
(Mann-Whitney U test). 
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Table IV. Genotypes and allelic frequencies of the OGG1 Ser326Cys polymorphism among colon 
cancer patients, individuals with adenomas and healthy volunteers 
 
Carcinoma patients 
n = 74 
Adenoma patients 
n = 76 
Healthy volunteers 
n = 97 OGG1 genotype 
n (%) n (%) n (%), (%)* 
Cys/Cys 17 (23.0) 1 (1.3) 1 (1), (1)a 
 Ser/Cys 19 (25.7) 29 (38.2) 33 (34), (18)b 
Ser/Ser 38 (51.3) 46 (60.5) 63 (65), (81)c 
Allelic frequency    
C 0.52 0.89 0.9 
G 0.48 0.11 0.1 
 
* Results from Hardy-Weinberg equilibrium. 
a
 Homozygous OGG1 Cys326Cys individuals 
b
 Heterozygous OGG1 Ser326Cys individuals 
c
 Homozygous OGG1 Ser326Ser individuals 
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Table V. Comparison of OGG1 Ser326Cys polymorphism and 8-oxoGua excision capacity of blood 
leukocytes of CRC patients and healthy volunteers as well as 8-oxodG level in blood leukocytes and 
urine of CRC patients 
 
a Comparison of OGG1 Ser326Cys polymorphism and 8-oxoGua excision capacity as well as 8-oxodG 
level in carcinoma patients and healthy volunteers, expressed as median and interquartile range 
(Mann-Whitney U test). 
 
 
 
OGG1 genotype Carcinoma patientsa Healthy volunteersa P 
Repair capacity 
 (8-oxoGua pmols/h/mg protein) 
Cys/Cys 
 
 
24.50 
(15.15–42.70) 
n = 13 
– 
 
 
 
 
Ser/Cys 
 
 
35.65 
(25.50–50.95) 
n = 14 
19.25 
(12.4–23.45) 
n = 32 
0.0016 
 
Ser/Ser 
 
 
42.00 
(33.39–86.18) 
n = 34 
24.20 
(18.50–31.59) 
n = 53 
0.000000 
 
 8-OxodG in blood leukocytes DNA 
(8-oxodG/106dG ) 
Cys/Cys 
 
 
8.02 
(5.86–11.80) 
n = 10 
– 
 
 
 
Ser/Cys 
 
 
5.42 
(4.22–8.74) 
n = 19 
4.72 
(4.04–6.03) 
n = 35 
0.1 
 
Ser/Ser 
 
 
6.91 
(5.86–8.52) 
n = 29 
4.29 
(3.55–5.12) 
n = 61 
0.000001 
 
 8-OxoGua in urine 
(nmols/mmol creatinine) 
Cys/Cys 
 
 
12.83 
(7.76–19.14) 
n = 15 
– 
 
 
 
Ser/Cys 
 
 
10.2 
(7.6–13.38) 
n = 18 
8.05 
(4–10) 
n = 36 
0.011 
 
Ser/Ser 
 
 
9.31 
(6.35–13.57) 
n = 27 
7.6 
(4.95–10.49) 
n = 47 
0.049 
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Table VI. mRNA level of OGG1 glycosylase, APE1 endonuclease and MTH phosphohydrolase in 
leukocytes of colon cancer and adenoma patients and healthy volunteers 
 
 
a
 Comparison of mRNA levels, expressed as median and interquartile range, between colon carcinoma patients, 
adenoma patients and healthy volunteers (Mann-Whitney U test). 
b
 P values are after Bonferroni correction. 
NS, not significant 
        
 
mRNA level (mRNA of gene X/mRNA of 18S rRNA x 10-6) a  
Genotype 
 
Carcinoma patients (C) Adenoma patients (A) Healthy volunteers (H) 
 
P 
 
OGG1 
All 
 
 
1.28 
(0.71–5.58) 
n = 44 
0.99 
(0.45–4.91) 
n = 38 
0.19 
(0.06–0.54) 
n = 40 
0.000000 (C vs. H) b 
0.000002 (A vs. H) b 
0.46 (C vs. A) b 
Cys/Cys 
 
 
0.75 
(0.26–3.1) 
n = 8 
– 
 
 
– 
 
 
– 
Ser/Cys 
 
 
1.26 
(0.99–2.87) 
n = 4 
1.01 
(0.6–7.16) 
n = 19 
0.48 
(0.074–0.63) 
n = 19 
0.021 (C vs. H) b (NS) 
0.003 (A vs. H) b 
0.78 (C vs. A) b 
Ser/Ser 
 
 
1.99 
(0.87–9.59) 
n = 23 
0.97 
(0.38–4.77) 
n = 19 
0.1 
(0.02–0.23) 
n = 18 
0.000000 (C vs. H) b 
0.000009 (A vs. H) b 
0.11 (C vs. A) b 
APE1 
All 
 
 
88.25 
(42.88–362.51) 
n = 44 
113.83 
(48.74–292.37) 
n = 38 
13.87 
(2.32–43.04) 
n = 40 
0.000000 (C vs. H) b 
0.000000 (A vs. H) b 
0.5 (C vs. A) b 
Cys/Cys 
 
 
54.35 
(12.36–400.5) 
n = 8 
– 
 
 
– 
 
 
– 
Ser/Cys 
 
 
120.6 
(61.76–359.7) 
n = 4 
129.54 
(72.69–449.52) 
n = 19 
17.67 
(3.43–86.3) 
n = 19 
0.021 (C vs. H) b (NS) 
0.00003 (A vs. H) b 
0.67 (C vs. A) b 
Ser/Ser 
 
 
78.02 
(39.56–470.19) 
n = 23 
90.51 
(27.46–240.1) 
n = 19 
3.47 
(1.07–16..21) 
n = 18 
0.000003 (C vs. H) b 
0.000005 (A vs. H) b 
1.00 (C vs. A) b 
MTH1 
All 
 
 
86.82 
(5.19–728.53) 
n = 37 
– 
 
 
5.26 
(0.33–11.69) 
n = 19 
0.0012 
 
 
Cys/Cys 
 
 
96.73 
(5.34–295.62) 
n = 7 
– 
 
 
– 
 
 
– 
 
 
Ser/Cys 
 
 
273.1 
(86.82–459.37) 
n = 2 
– 
 
 
3.7 
(0.36–9.88) 
n = 9 
0.036 
 
 
Ser/Ser 
 
 
10.84 
(1.76–114.65) 
n = 20 
– 
 
 
8.96 
(3.94–26.59) 
n = 8 
0.8 
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